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Abstract 
 
 
 
Micro cutting is becoming increasingly important since miniature and micro 
components/products have become more and more demanded in precision 
engineering applications and consumer goods in a daily life. Meanwhile, it has 
not been thoroughly investigated yet. Scientific understanding of the 
fundamentals in micro cutting mechanics and physics is vital for micro 
manufacturing of micro or miniature components and products. Consequently, 
the scientific investigation on micro cutting mechanics is critically needed, 
particularly on its key fundamental aspects on which a systematic approach and 
key enabling technologies are developed for micro manufacturing. Therefore, 
three key fundamental aspects of micro cutting mechanics have been identified 
for this PhD project and a comprehensive systematic research has been 
performed through both theoretical and experiment-based investigations.  
 
The three aspects of micro cutting mechanics mainly include dynamic stiffness 
investigation, innovative micro cutting force modelling, and the study on micro 
cutting heat, temperature and their partitioned distribution. All experiment-based 
investigations are undertaken on a diamond turning machine test rig supported 
with a fast tool servo (FTS) using different reconfigured experimental setups. 
The finite element (FE)-based analysis is conducted to further support the in-
depth analysis on the micro cutting phenomena especially the modelling and 
simulation of micro cutting force and temperature. Accordingly, both micro 
cutting force modelling and micro cutting temperature are investigated using 
modelling and simulation supported by well-designed experimental cutting trials 
and validations. 
 
The investigation on dynamic stiffness in the micro cutting system is focused on 
its effects on the micro cutting process and its control strategies. The burrs 
formation and machining accuracy are explored in relation with control of the 
dynamic stiffness. Furthermore, the control algorithm for dynamic stiffness is 
iii 
 
developed accordingly in order to minimise burrs formation and stabilize the 
micro cutting accuracy. 
 
The micro cutting force modelling is performed based on specific cutting force, 
i.e. modelling the cutting force at the unit cutting length or area as coined as the 
amplitude aspect of the proposed cutting force modelling. The cutting force 
against a dynamically varied cutting time interval is proposed as the spatial 
aspect of the cutting force formulation. The amplitude aspect can provide the 
insight into the micro cutting phenomena particularly in relation with the chip 
formation and size-effects. The spatial aspect, using a on the wavelet transform 
(WT) technique and standard deviation analysis can render the dynamic 
behaviour of the micro cutting force, particularly representing the dynamic 
effects of the cutting process and its correlation with tool wear. 
 
The micro cutting temperature is investigated to formulate the scientific 
understanding of cutting temperature, heat and their partitioned distribution 
particularly at the tool-workpiece-chip interface zone in ultraprecision and micro 
cutting using a diamond cutting tool. The contribution to knowledge at this 
aspect is to represent the partitioned cutting heat in the micro cutting process 
and their different behaviours compared to the conventional metal cutting.  
 
The scientific approach to modelling micro cutting application (MMCA), i.e. 
based on modelling-simulation combined with experimental validation, is further 
evaluated and validated to illustrate the overall benefits of this research 
investigation through micro cutting of single crystal silicon (for ultraprecision 
machining of large-sized infrared devices). This approach is established in light 
of combining all the three aspects of the above investigation on micro cutting 
mechanics. The research results show the approach can lead to industrial scale 
advantages for ultraprecision and micro cutting but driven by the scientific 
understanding of micro manufacturing technology. The systematic investigation 
on dynamic stiffness control, micro cutting force modelling, micro cutting heat 
and temperature and their integrated approach can contribute well to the future 
micro cutting applications. 
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Chapter 1 Introduction 
 
 
 
1.1 Research background and significances of the project 
 
1.1.1 Research background  
 
Currently, high-accuracy miniaturized components are increasingly in demand 
for various industries, such as aerospace, biomedical, electronics, 
environmental, communications and automotive. The miniature parts and micro-
products are essential requirements since they are currently providing micro-
systems that promise to enhance health care and quality of life. They also aid 
economic growth in such applications as optical devices, subminiature actuators 
and sensors, IT micro-components, digital cameras, mobile phones, micro-
stents, medical and biomedical products as well as biotechnological or chemical 
processing equipment (Chae, et al., 2006; Luo, et al., 2005; Alting, et al., 2003). 
Consequently, the enhancing devices and equipment for various manufacturing 
industries such as micro-aspheric dies and moulds, precision ball screws, gears 
and bearings etc. have been significantly increasing in demand, as their size 
becomes smaller, the required accuracy becomes higher and surface quality 
becomes much better (Suzuki, et al., 2006). 
 
Due to the essential requirements of these high demand micro-products and 
miniaturizations, the micro-cutting mechanisms substantially differ from those of 
conventional cutting. The keys to the scientific understanding of manufacturing 
systems and methods of producing miniature parts or micro-products are then 
essential requirements. Thus, the basics of micro-cutting mechanics and 
physics, which is one of the most challenging areas emerging in the last two 
decades, are critically needed. Numerous research works have investigated 
micro-cutting characteristics in particular, including size effects which can 
influence underlying cutting mechanics in terms of micro cutting force and 
specific cutting energy (Cheng & Huo, 2013), undeformed chip thickness, chip 
formation, machined surface generation/finish, tool wear mechanism, etc. They 
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are still not well understood, especially for some specific issues for which in-
depth studies are still indeed required and have not yet been thoroughly 
investigated. The knowledge contributions in micro/nano-cutting physics and 
mechanics are still challenging and even some of the aforementioned 
mechanics have been explored and investigated by a numbers of researchers 
across the world. Especially, some new and currently interesting issues, which 
have never been investigated, critically need to be further explored. Thus, in 
order to develop better innovation in the key issues of manufacturing the current 
and future technologies of micro-products and miniaturizations, a scientific 
understanding of the fundamental theoretical micro-cutting mechanics and 
physics is then needed.  
 
 
Figure 1.1 Micro-products and miniaturizations in various industries 
 
This research mainly focuses on the basis of fundamentally theoretical 
investigations into micro-cutting physics and mechanics based on ultra-
precision machining, in particular diamond turning. The investigations have 
been implemented by both modelling and simulation and experimental cutting 
validations. The micro cutting mechanics are investigated, especially including 
Miniature Assemblies 
Watch parts 
Miniature Zinc Die Cast Parts 
Turned Brass Parts 
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dynamic stiffness and its effects on micro-cutting, micro-cutting force modelling 
and its useful applications, scientific interpretations, and micro-cutting 
temperature and heat partitioned distribution.   
 
1.1.2 Definition and scope of micro cutting  
 
Micro cutting is kinematically similar to conventional cutting, but fundamentally 
different from conventional cutting in many aspects. The meaning and scope of 
the micro cutting may have differences based on experiences and attitudes of 
people who are involved in micro machining. However, there are a number of 
features can be used to characterize and define the scope of micro cutting. For 
instance, the uncut chip thickness, dimensions and accuracy of micro parts or 
features, cutting tool geometry, underlying cutting mechanics, and application 
area (Cheng & Huo, 2013). 
 
The uncut chip thickness is the material layer being removed during the cutting 
process. The current state-of-the-art suggests the uncut chip thickness is less 
than tens of microns which widely accepted by the micro machining community 
with regards to the dimensions and accuracy of micro parts or features, 
miniaturized parts and components may have dimensions ranging from 1-1,000 
µm with at least two dimensions which fall into this range. Generally, micro 
cutting achieves form and dimensional absolute accuracy of better than a few 
microns or a relative accuracy in the order of 10-3-10-5 and surface roughness 
(Ra) less than 100 nm, respectively. 
 
Regarding the cutting tool geometry, the size and geometry of micro cutting 
tools determines the limit of size and accuracy of micro features. Even in micro 
peripheral turning there is no requirement on tool size, but micro turning tools 
have to be employed for micro-hole boring and face grooving of micro 
components with a high aspect ratio. Meanwhile, underlying cutting mechanics, 
scaling down the size of machine tools and cutting tools from conventional 
macro cutting to micro cutting scales is not simple, but it results in size effects 
on machining which in turn interacts with and affects cutting mechanics 
fundamentally.  
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1.1.3 Micro cutting mechanics, processes and toolings   
 
Diamond turning is a process of mechanical machining of precision elements 
using lathes or derivative machine tools (e.g. turn-mills, rotary transfers) 
equipped with natural or synthetic diamond cutting tools. Most single point 
diamond turnings (SPDTs) are operated using computer numerical 
control (CNC) machine tools. This makes it user-friendly due to the CNC system 
also being used in the system operation of conventional machining. The use of 
diamonds in association with ultra-precision machines can generate precision 
patterns and precision surfaces on a micro or nano scale. The diamond turning 
machine is sophisticated equipment that produces the final surface, which 
typically does not need the traditional polishing operation after diamonding 
turning. However, surface quality produced by the best diamond turning does 
not yet match the best conventional polishing practice. Thus, the limits of 
diamond turning for both figure and surface finish accuracy have not yet been 
reached (Rhorer & Evans., 1995). These limitations are needed in developing 
both precision of machining systems and elements and a scientific 
understanding of micro-cutting physics and mechanics.     
 
Due to the research being experiment-based, the implicated machine tools, 
equipment and enhancing devices are involved. These require high precision, 
accuracy, rigidity and repeatability. Important machines and devices have been 
used in this project, such as a single point diamond turning (SPDT) machine, 
single crystal diamond cutting tool, fast tool servo (FTS), optical microscope and 
thermo-imaging camera etc. More details of using machines and devices can be 
found in the chapters 2,3,4,5 and 6, and appendices.  
 
In order to achieve high dimensional accuracy, precision, repeatability and 
surface integrity of the process outcomes and subsequent the micro products, 
the elements of machine system are so important parts to be concerned. They 
mainly include: air bearing spindles, linear drive motors, high accuracy linear 
encoder and rotary encoder systems, fast tool servo and slow slide servo etc., 
which have been developed in order to produce the best micro-parts and 
products.   
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 (a)                                         (b)                                       (c) 
Figure 1.2 (a) ultra-precision machine, (b) single point diamond turning (SPDT), 
and (c) diamond tools (Empire Precision Plastics and Contour Fine Tooling Ltd) 
 
The single crystal diamond with its edge sharpness has the ability to produce an 
almost optical finish in materials such as aluminium, copper and their alloys. It is 
often used in the final stages of the manufacturing process to achieve sub-
nanometre level surface finishes and sub-micrometre form accuracies of 
machining dimensions (Davies, et al., 2003). 
 
Some materials wear out the diamond turning tools at a much faster rate than 
other materials. The reason for this fast wear rate is yet unknown. For example, 
it is commonly known that ferrous materials rapidly wear out diamond tools 
while some others have a slower rate. Thus, the consideration of diamond-
turnable materials is an essential concern due to the diamond tool being rapidly 
worn. The selected materials are then important and must not cause wear rates 
that are too fast by thermal, chemical and mechanical effects. A number of 
diamond-turnable materials are listed in Table 1.1, which are known by 
publications (Rhorer & Evans., 1995). 
 
In this research, three different materials are selected to conduct the 
experimental studies and investigations; two of them are listed in Table 1.1, 
aluminium alloys and single crystal silicon. Meanwhile, the titanium alloys are 
not a diamond-turnable material. Silicon is also selected as the silicon based 
application case study of micro-cutting due to it being considered marginal as 
tool wear can be high. Even, reasonably large areas of amorphous silicon are 
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reported to have been successfully machined (Rhorer & Evans., 1995). Thus, 
the three differences cutting mechanics which have been selected as 
aforementioned in section 1.1.1 namely include dynamic stiffness, micro cutting 
force modelling and its applications, and micro cutting temperature and heat 
partitioned distribution. The investigations based on these three specific 
materials will be thoroughly investigated, analysed and compared.  
 
Table 1.1 Diamond-turnable Materials 
Aluminium 
Brass 
Copper 
Beryllium copper 
Bronze 
Gold 
Silver 
Lead 
Platinum 
Tin 
Zinc 
Electroless nickel 
Calcium fluoride 
Magnesium fluoride 
Cadmium telluride 
Zinc selenide 
Zinc sulphide 
Gallium arsenide 
Sodium chloride 
Calcium chloride 
Germanium 
Strontium fluoride 
Sodium fluoride 
KDP 
KTP 
Silicon 
Polymethymethacrylate 
Polycarbonates 
Polyimide 
 
 
1.1.4 Challenges in micro-cutting mechanics  
 
Three specific issues have been introduced in the consideration of significant 
topics in this research project. Thus, the novel micro-cutting force modelling, 
micro-cutting temperature and heat partitioned distribution, and dynamic 
stiffness and its effects on burrs formation as well as machining accuracy have 
been analytically investigated. Finally, the fundamentally theoretical background 
of these three issues of micro-cutting is proposed, performed and evaluated by 
both modelling and simulation and experimental cutting validations. 
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Dynamic stiffness, the proportion of dynamic cutting forces against the dynamic 
displacements of cutting tools in the micro-cutting process is believed to show 
different characteristics from static stiffness. This could possibly affect 
machining accuracies in particular including the micro slot accuracy and the 
burr formation. Therefore, it is proposed to investigate how dynamic stiffness 
exists and affects the micro-cutting. Furthermore, the controllable method of 
dynamic stiffness is considered in order to find solutions for reducing and 
minimizing micro-form errors and burrs formation. Thus, the schematic 
algorithm of the hysteresis compensated module is proposed and applied as a 
technical tool for reducing and controlling the hysteresis effect of the fast tool 
servo (FTS) in the diamond turning machine. This compensation may help in 
the reduction of any errors of dynamic cutting tool movements during the cutting 
process. Case studies of micro-featured forms as well as micro-form accuracies 
and burrs measurements have been conducted. Also, the comparison between 
cutting with and without the hysteresis compensation module has been made. 
 
The cutting force is used to represent the cutting process’ behaviour and is 
directly relevant to cutting mechanisms such as surface generation, chip 
formation, cutting vibration, cutting temperatures and tool wear mechanism etc. 
However, the cutting force in micro-cutting is different from conventional cutting 
in both absolute and characteristic aspects. Thus, the micro-cutting force needs 
to be modelled correctly in order to gain a better understanding of the micro-
cutting process behaviour. Also, it would be able to be used in micro-cutting 
applications, for example tool condition monitoring (TCM). The micro-cutting 
force modelling is then properly modelled which can better interpret the micro-
cutting mechanics such as machined surface generation, chip formation, size 
effect and cutting temperature, throughout the effects on tool wear etc. In this 
thesis, the ability to interpret micro-cutting mechanics and physics by using this 
proposed novel approach is implemented. This innovative cutting force model is 
employed to cutting tool wear and breakage monitoring as an application case 
study. Also, this micro-cutting modelling can be further developed with smart 
cutting tools for smart ultra-precision and micro-machining of high value devices 
such as infrared optics and titanium-based medical devices (Wang, et al., 2014).  
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Since, thermal field and cutting temperature in metal machining are recognized 
as the major factors affecting the tool wear, tool life, machine quality, part 
dimensional accuracy and residual stresses (Yang, et al., 2011), the scientific 
understanding of cutting temperature and heat distribution is becoming 
essential in micro-cutting. In order to gain a better understanding of micro-
cutting temperature and thermal effects, the cutting temperature and heat 
partitioned distribution into the tool-workpiece-chip in micro-cutting is studied in 
this research project. The micro-cutting temperature, and consequently thermal 
effects, should be different from those of conventional cutting since a very small 
depth of cut (DOC) is often taken on the micro-cutting scale. Thus, the micro-
cutting temperature and heat partitioned distribution is investigated by both FE-
based modelling and simulation with cutting trials as validation. Further 
discussion of thermal effects on surface integrity and quality, machining 
accuracy and tool wear is also presented.    
 
1.2 Aim and objectives of the research 
 
The aim of this research is to investigate the fundamentals of micro cutting 
mechanics and thus achieve scientific understandings of the in-depth micro-
cutting physics. The distinct objectives of the research are: 
 
1) To develop a modelling-simulation-experiment based approach to 
investigate micro cutting mechanics with applications to ultraprecision 
diamond turning in particular.  
2) To investigate dynamic stiffness and its effects on machining accuracy, 
particularly including micro slot accuracy and micro-burrs formation. The 
schematic of a controllable method is further proposed to compensate for 
the characteristic movements of the cutting tool in order to avoid and 
minimize machining errors and burrs in micro-cutting. 
3) To establish novel cutting force modelling using specific cutting forces, for 
example, the specific cutting force at the unit length or area, and against 
short-cutting time. This modelling approach would allow a better 
interpretation of the micro-cutting mechanics and physics, such as chip 
formation, size-effect and tool wear etc., phenomena in micro-cutting at 
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small amounts of absolute cutting force in particular. The novel approach is 
further applied in tool condition monitoring (TCM) as an application case 
study.  
4) To further explore the scientific understandings of the tool-workpiece-chip 
temperature and heat partitioned distribution in micro-cutting. Further 
discussions of thermal effects on machined surface quality, machining 
accuracy and tool wear are also given.  
 
1.3 Chapter plan of the thesis  
 
The thesis consists of eight chapters. The comprehensive details of the thesis 
are illustrated as in Figure 1.3, which also illustrates the underlying philosophy 
of the chapters and their logic flow.  
Experimental 
investigation
Modelling & 
simulation
Micro cutting 
mechanics 
Machining 
performance 
Diamond turning
Equipped with FTS
Absolute cutting 
force measurement 
Cutting 
temperature 
measurement
Dynamic stiffness 
control
Novel cutting force 
modelling 
Heat partitioned 
distribution 
Size effects 
Chip formation 
Burrs formation
Cutting tool wear 
Force modelling 
Machining 
accuracy 
Tool condition 
monitoring (TCM)
Chapter 4 Chapter 5
Chapter 6
Micro cutting 
investigation 
approach
Literature review 
Introduction 
Chapter 3
Chapter 2
Chapter 1
Conclusions
Application case 
study
Chapter 8
Chapter 7
 
Figure 1.3 Chapter plan of the thesis 
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Chapter 1 introduces the research background and importance of the research 
including micro-cutting mechanics and physics challenges, relevant machine 
tools and equipment, aims and objectives, and structure of the thesis.  
  
Chapter 2 reviews state-of-the-art and relevant fundamental theoretical 
backgrounds of the micro-cutting mechanics and physics, and the ultra-
precision turning machine and its components. Also, the modelling and FE-
based simulation of micro/nano-cutting are reviewed. The knowledge gaps 
identified are also described.      
 
Chapter 3 explains the formulation of the research approach to micro-cutting, in 
particular the experimental setups and procedures, and technological and 
theoretical analysis. The modelling and simulation method is also elucidated.  
 
Chapter 4 investigates and identifies dynamic stiffness, particularly in ultra-
precision diamond turning and its effects on the machining accuracy, especially 
including micro-forms accuracy and burrs formation. Also, it proposes the 
schematic algorithm of a hysteresis compensated module for maintaining the 
machining accuracies and minimizing the machining errors and burrs in micro-
cutting. 
 
Chapter 5 proposes the cutting force modelling using specific cutting force at 
the unit length and area. The novel modelling approach is presented in two 
aspects, namely amplitude and special aspects. This innovative modelling can 
better interpret the micro-cutting mechanics and physics especially on chip 
formation, size effect and cutting tool wear characteristics in micro-cutting. The 
spatial aspect correlation with detection of tool wear is also analysed as an 
application study.  
 
Chapter 6 analyses the partitioned distribution of cutting heat and temperature 
into the tool, workpiece, and chip of micro-cutting. The modelling and FE-based 
simulation of tool-workpiece-chip temperature has been developed. The 
experimental validations are also implemented and verified. The discussions on 
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comparisons between simulation and experimental results, and also thermal 
effects in micro-cutting are further given.    
 
Chapter 7 emphasizes a case study applied to micro-cutting of single crystal 
silicon. The three interests of cutting, mechanics and physics of single crystal 
silicon, and its inherent natures, are further analysed and discussed. 
 
Chapter 8 draws conclusions arising from this research investigation. Further 
recommendations for future work are also provided.  
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Chapter 2 Literature Review 
 
 
 
2.1 Introduction  
 
Micro cutting mechanics and physics play an important role in helping micro 
product designers and manufacturers understand well the intrinsic nature of 
micro machining which are crucial basis of theoretical fabrications of miniature 
parts and components, and micro products. Due to the fact that they are quite 
different cutting scales from those aspects of conventional cutting, and 
consequent scientific theoretical backgrounds and methodologies of cutting 
behaviors. Thus, the scientific understandings of micro cutting mechanics and 
physics are highly necessary since the micro products tend to be dramatically 
increasing in demand in widespread industrial sections. This chapter, the 
thorough backgrounds and literatures of micro cutting mechanics are reviewed 
firstly. The introduction of ultra-precision machines especially in single point 
diamond turning (SPDT) is reviewed. The following topics; diamond cutting tools 
and fast tool servo (FTS) are also introduced. The modelling and simulation 
techniques and procedures are given in brief. Finally, the knowledge gap 
identifications of three special issues of currently unclear on scientific 
understandings of micro cutting mechanics and physics are discussed with 
regards to how these issues are significant in micro cutting and critical needed 
to study in this research. 
 
2.2 Micro cutting mechanics 
 
The characteristics and inherent phenomena of the micro cutting mechanics are 
quite different from those in conventional cutting (Chae, et al., 2006; Liu, et al., 
2004). This part explores the cores of the cutting mechanics and physics by 
emphasising some of the significant issues presented by numerous studies. 
Thus, the currently scientific understandings of micro cutting such as micro 
cutting force modelling, undeformed chip thickness, ductile and brittle transition, 
size-effects, micro cutting temperature, etc., are discussed.  
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2.2.1 Micro cutting force and size-effect 
 
The micro cutting force is very small when compared with conventional cutting. 
It is 1,000 times downscaled from the normal cutting force in conventional 
cutting. Its characteristics are consequently quite different from those of 
conventional cutting. For instance, the ploughing or rubbing force is dominant in 
the cutting process rather than shearing force. The ploughing force is always 
caused by a significant amount of frictional interaction due to the effective rake 
angle of the tool becoming negative (Manjunathaiah & Endres, 2000). 
Particularly, when the undeformed chip thickness is smaller than cutting edge 
radius i.e., magnitude of thrust force is greater than cutting force. The trend of 
cutting force is non-linearly increasing when smaller undeformed chip thickness 
is applied. However, the undeformed chip thickness becomes greater than the 
cutting edge radius; magnitude of cutting force would be inversely larger than 
thrust force. Cutting and thrust forces are also linearly increased with the 
increase of the undeformed chip thickness for which the thrust force increases 
at a much slower rate than the cutting force. In summary, the trend of cutting 
and thrust forces are quite similar to those of conventional cutting when 
undeformed chip thickness is much greater than cutting edge radius (lkawa, et 
al., 1991; Lucca, et al., 1993; Ng, et al., 2006). Meanwhile, it is quite a different 
characteristic when undeformed chip thickness becomes smaller than the 
cutting edge radius. 
 
Regarding the size effect, the size effect results from the small ratio of 
undeformed chip thickness to tool edge radius, consequently the material 
removal and chip formation mechanisms are dominated. The corresponding 
cutting, ploughing, and slipping phenomenon depend on this ratio. Thus, the 
cutting process is influenced, for instance its effects on the decreasing quality of 
surface finish and surface integrity. This is due to the fact that scales of 
machining, such as depth of cut or undeformed chip thickness is comparable to 
the cutting tool edge radius, i.e. the depth of cut is the same order of edge 
radius, then the effective rake angle may become highly negative. Thus, non-
linearly thrust force is increasing and dominating the cutting process (Cheng & 
Huo, 2013; Dornfeld, et al., 2006). In other words, the size effect can be 
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characterised by non-linear increases in the specific cutting energy, i.e. energy 
per unit volume when undeformed chip thickness is decreasing. This effect 
especially occurs at the micro cutting level (Liu & Melkote, 2007). Due to a small 
change in the depth of cut which can significantly influence the cutting process. 
Thus, numerous studies have been investigating what amounts of the ratio are, 
and what the corresponding to the size effect, e.g., specific cutting energy and 
consequent surface roughness would be. The contribution to knowledge of the 
size effects still need to be explored to optimise between the cutting parameters 
and the tool parameters so that the best machined surfaces will be achieved.  
 
2.2.2 Chip formation and minimum chip thickness  
 
In micro cutting, chips may not be formed if undeformed chip thickness is 
smaller than a minimum chip thickness. The definition of minimum chip 
thickness is the smallest magnitude of uncut chip thickness which a chip can be 
stably formed. This concept has been studied in order to understand the 
minimum requirement of depth of cut to ensure proper cutting and avoid 
ploughing and the sliding of the cutting tool. Especially, an investigation of the 
minimum chip thickness is very important in order to achieve more accurate 
machining. In conventional cutting, there are no concerns about the tool edge 
radius effects because it is so small compared to the depth of cut of a few 
millimetres. In ultraprecision cutting, the effective negative rake angle is always 
applied due to the effects of edge radius (Chae, et al., 2006), and then just a 
portion of the tool edge is occupied. This can, significantly, cause ploughing and 
a poor surface, or sometimes burnishing and a shiny surface, depending on the 
depth of cut (Son, et al., 2005).The states of minimum chip thickness can be 
explained according to the scale of the undeformed chip thickness being 
considered. In Figure 2.1, the chip starts to be formed when undeformed chip 
thickness is approximately equivalent to the minimum chip thickness (figure 
2.1(b)). In other words, the chip removed is smaller than the desired depth of 
cut because the cutting process is still dominated by elastic spring-back of 
machined material which depends on the elastic deformation property of each 
material (figure 2.1(b)). When the undeformed chip thickness increases until 
larger than the minimum chip thickness, the chip can be removed with a total 
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magnitude of the desired depth of cut (figure 2.1(c)). However, no chip can be 
formed when the undeformed chip thickness is smaller than the minimum chip 
thickness because of the tool edge radius effect (as shown in figure 2.1(a)). In 
addition, below the minimum depth of cut, no material removal will occur 
(Dornfeld, et al., 2006).  
 
 
Figure 2.1 Characteristics of the minimum chip thickness: (a) no chip formed, 
(b) removed chip is smaller than desired DOC, (c) removed chip is equal to 
desired DOC (François, et al., 2009) 
 
From a practical point of view, the minimum chip thickness is a measure of the 
extreme machining accuracy attainable because the machined surface 
roughness is mainly attributed to the ploughing/rubbing process when the uncut 
chip thickness is less than the minimum chip thickness. Due to this minimum 
chip thickness effect, the micro machining process is affected by two 
mechanisms. One is chip removal and the second is the ploughing/rubbing 
process. The extent of ploughing/rubbing and the nature of the micro-
deformation during ploughing/rubbing contribute significantly to increased 
cutting forces, burr formation, and increased surface roughness. Thus, the 
scientific understanding of minimum chip thickness is essential for optimising 
and selecting appropriate machining conditions (Liu, et al., 2006). 
 
2.2.3 Brittle-ductile transition  
 
Generally, in conventional cutting, machining brittle materials at the high depth 
of cut (DOC) tends to cause excessive surface and subsurface cracking. To 
overcome this, machining in a ductile mode at a sufficiently small depth of cut 
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has been proposed by many researchers. For instance, Bifano et al (Bifano, et 
al., 1991) found that when machining brittle materials with a below critical depth 
of cut, brittle materials can be machined in a ductile regime with a consequently 
good surface finish and no surface pitting or cracking. Since the chip thickness 
in micro machining can be of the order of the critical depth of cut, micro 
machining can serve as a novel means of fabricating unique features in brittle 
materials. Thus, the definition of ductile mode cutting which can be achieved 
under certain chip formation conditions. It has been found that cutting brittle 
materials, such as tungsten carbide and silicon wafer, ductile mode chip 
formation can be achieved when the undeformed chip thickness is less than the 
tool cutting edge radius and tool cutting edge radius is small enough (Arefin, et 
al., 2007). This should meet the requirements of many fabrication industries of 
brittle materials which is widely used in parts or components of several micro 
products such as optical devices, electronic devices and radioactive equipment 
in nuclear plants, etc. Therefore, the investigation and study on the upper bound 
of cutting tool edge radius for ductile mode cutting is essentially needed for 
each material. Also it can help manufacturers to improve production rates while 
the surface finish remains of high quality. 
 
2.2.4 Micro cutting temperature  
 
The cutting temperature in micro cutting could be quite low in comparison with 
that in conventional cutting due to the small scales of cutting, and low cutting 
energy as well as the high thermal conductivity of both diamond and work 
materials such as aluminium and copper (lkawa, et al., 1991). However, the 
micro cutting temperature cannot be neglected because a small temperature 
rise to the order of 10 K in a tool may cause an expansion of the tool shank and 
in turn, the deterioration of the machining accuracy. Also tool breakage and 
wear can be affected by small temperatures and even damaged in micro size. 
Moreover, there is considerable evidence in which temperature plays a 
significant role in chemical damage on diamond cutting tools. Thus, cutting 
temperature and generated heat in micromachining need to be understood and 
more research is needed urgently on the cutting temperature and its effect on 
diamond tool wear. Some pieces of research are concerned with the cutting 
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temperature, thermal effects on the micro cutting process and correspondingly 
the tool wear, quality of machined surfaces, and machining accuracy. For 
instance, Shimada et al (Shimada, et al., 1992)  presented the possibility of the 
analysis of cutting temperature using molecular dynamics analysis to introduce 
a suitable scaling on the gradient in thermal fields which is caused by the 
thermal conductivity of the work materials. However, the micro cutting 
temperature and its partitioned heat distribution are quite a complicated system 
of characteristics and so many factors have influence. Thus, micro cutting 
temperature is still challenging to investigate at very small scales of machining 
(a few micrometres down to nanometres) especially based on real experimental 
case studies for instance, in particular ultraprecision and diamond turning.  
 
2.2.5 Tool wear and burrs in micro cutting  
 
Micro cutting tools used in ultra-precision machining generally have high 
hardness, for example diamond in micro turning. The high hardness plays an 
important role in reducing the wear rate, and enables machinability on hard and 
ceramic materials (Cheng & Huo, 2013). However, tool wear and breakage are 
factors of major concern especially when machining hard and difficult to cut 
materials due to size effects which cause the stress level in a tool edge to 
exceed the strength of diamond, oxidation, graphitization, diffusion, carbide 
formation, and material phase in-homogeneities and the slender geometry for 
the solid micro tools promote tool wear (lkawa, et al., 1991), the cutting 
temperature is also a critical factor in influencing tool wear in micro cutting. 
Moreover, most workpiece materials do not fall into the class of ideal materials 
for micro manufacture and hence, unpredictable tool life and premature tool 
breakage before any degrees of severe cold occur. Therefore, a challenge for 
tool condition monitoring in micro machines is critically needed. Since micro 
machining is a knowledge-based application and needs proper selection of 
tooling, machine tools, cutting conditions and cutting strategies. The diamond 
tool wear especially in single point diamond turning (SPDT) and tool condition 
monitoring (TCM) have been studied by numerous researchers. For example, 
Bornet et al., (Born & Goodman, 2001) proposed the influence of significant 
cutting parameters on the tool wear by using experimental design techniques 
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relative to experimentation of diamond turning on large single-crystal silicon 
optics. They also presented a preliminary model that may be used to predict 
tool wear over the parameter space investigated. Brinksmeier et al 
(Brinksmeier, et al., 2006) presented a thermo-chemical process for modifying 
the chemical composition of the subsurface zone to avoid chemical reactions 
between the carbon of the diamond tool and the iron of the workpiece, and 
correspondingly excessive chemical tool wear when machined steel alloys. As a 
result, the diamond tool wear was reduced by more than three orders of 
magnitude. Schefferet al (Scheffer & Heyns, 2001) implemented a monitoring 
system utilising simultaneous vibration and strain measurements on the tool tip 
which investigated for wear of synthetic diamond tools, and wear 
measurements were taken in the manufacturing plant. Consequently the self-
organising map (SOM) which is a type of neural network was developed to 
identify the tool state. 
 
The burrs formation is one of significant issues in micro machining due to the 
burr being very difficult to remove and, more importantly, burr removal can 
seriously damage the workpiece. Also conventional de-burring operations 
cannot be easily applied to micro-burrs due to the small size of parts. In 
addition, de-burring may introduce dimensional errors and residual stresses in 
the component (Lee & Dornfeld, 2005). These problems are highly dependent 
on burr size and type, and are becoming more critical. Therefore, the prevention 
of burrs formation at the first state of machining, which is the best solution, is 
critical. Otherwise, if this is not possible, the minimising of burr formation is 
needed. In order to minimise burr formation, it is critical to understand the basic 
mechanisms involved in burr formation and the relationship between the cutting 
parameters and burr formation. A number of research works have been 
conducted into burr formation minimisation approach. For instance, Lee et al 
(Lee & Dornfeld, 2005) investigated the size and type of burr that is created in 
stainless steel 304 as a function of machining variables in order to help 
illuminate the micro-burr formation mechanisms. The relationship between 
micro-burr formation and tool wear was also investigated by implementing 
tungsten–carbide micro-mills to cut holes. Aramcharoen et al (Aramcharoen & 
Mativenga, 2009) also investigated the size effect in micro milling of H13 
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hardened tool steel which was observed by studying the effect of the ratio of 
undeformed chip thickness to the cutting edge radius on process performance. 
They found that how this ratio drives the specific cutting force, surface finish 
and burr formation in micro-scale machining. This ratio can lead to optimum 
micro-scale machining conditions for obtaining the best surface finish and 
minimising burr size. However, a few studies have been focusing on burr 
formation in diamond turning which is an important issue especially in miniature 
parts or components manufacturing and mass production is required. For 
instance, Nishiguchi (Nishiguchi, et al., 1988) examined the relationship 
between tool setting angle, i.e., the setup of angle in a plane of cutting edge and 
workpiece surface, cutting force and machined surface roughness of diamond 
turning on Al-Mg alloy, for the purpose of determining the reason for the 
deterioration of the machined surface roughness compared with the geometrical 
surface roughness. They found that burrs generated at the tool setting angle of 
less than -0.1° which caused the deterioration of the machined surface 
roughness. 
 
2.3 Ultraprecision turning machines 
 
The ultra-precision turning machine has been devolved and used over the last 
50 years. The ultra-precision machine tool represents a special class of 
machines that perform at an extreme level of precision. The definition of ultra-
high precision turning machines can be given as the ability of machines to 
generate or conduct the machined surfaces or the features, subsequently 
appropriate for performing optical functions and mechanical functions 
respectively. The ultimate surfaces and features from the ultra-precision 
machine require overall form errors in the order of 0.1 µm/100 mm. (in optical 
terms, about ג/4 or better) with surface finish less than 10 nm Ra. Typically, the 
ultra-precision machines with aerostatic spindles have error motions   20 nm. 
Linear slides use oil hydrostatic bearings constructed with an overall geometry 
  1µm/1m 10-6or better). Linear measurement encoders have effective 
resolution   0.1 nm over 1 m of travel. Spindles and linear slides use minimum 
influencing brushless DC motors. Control systems are based on DSP and gate 
array hardware tightly integrated with the measurement and actuator system. 
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These machines with a special class specification were originally developed to 
machine optical surfaces by single point diamond cutting tools (Luttrell, July 
2010) 
 
2.3.1 Diamond turning machine and its key components 
 
Diamond turning machines are commonly used to manufacture rotational 
systematic parts of non-ferrous metal, polymers (especially PMMA) and brittle 
hard materials such as germanium, silicon and others. Furthermore, non-
rotational workpieces are being manufactured on ultra-precision lathes using 
fast tool servo systems or slow-tool functionality as dynamic auxiliary axis in 
modern ultra-precision machines. The batch size of diamond turned workpieces 
varies from individual items to several thousand pieces per batch. Probably the 
most prominent application of high batches being diamond machined is 
varifocals. Fast tool machining enables the manufacturing of freeform parts for 
logically varying curvatures on the lens which allows toric lens design and 
correction of different visual defects of each individual customer (Cheng & Huo, 
2013). 
 
The main components defining the accuracy of a machine tool or ultra-precision 
machines are the materials used for the machine structure elements and the 
moving components, the used guidance systems, the drive systems for linear 
and rotary positioning, the measurement systems and, of great influence on the 
overall performance, the used control systems with the associated amplifiers.  
 
2.3.1.1 Machine base and structure 
 
Due to the characteristically low cutting forces and the aim of highest form 
accuracy and surface quality even over long machining times, the machine 
base material has to be thermally very stable. This feature is expressed in a low 
thermal expansion coefficient and a low specific heat capacity. To improve the 
surface quality, good damping properties of the base material are needed. 
These attitudes are best fulfilled using granite or mineral casting as material. 
Mostly granite is used in the field of ultraprecision machine beds because of its 
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very low thermal expansion coefficient of 6.5 µm/mK which is 2.5 times less 
than the one of mineral casting. Additionally, granite with a density of 2.8 
kg/dm3 is beneficial in terms of Eigen frequency and dynamic properties.  
 
 
Figure 2.2 A current single point diamond turning machine with granite base 
and slides (Moore Nanotechnology Systems LLC) 
 
2.3.1.2 Drive systems 
 
Two designs of linear direct drives are commercially available; iron core and 
ironless drives. Different to the ironless motor the iron core motor uses a ferrous 
base in between the windings. The iron core motor only needs one counter side 
of magnets leading to a compact design. Ironless motors are built up with two 
counter facing rows of magnets.  
 
Commonly for ultraprecision machines, ironless direct drives with three phases 
are used, due to their ability to ensure the highest positioning accuracy and 
extremely continuous motion which is commonly needed for diamond turning. 
Intensive investigation into direct drives in combination with air bearings proved 
possible steps of 10 nm and below depending on the control. In addition, the 
maximum possible acceleration for ironless motors is higher compared to the 
iron core ones.   
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Figure 2.3 Iron core (left) and ironless (right) direct drive brushless linear motors 
(Motion Control Products Ltd) 
 
Regarding diamond turning, ironless linear motors are state of the art in a 
machine axis to overcome the cogging-effect. Feedback resolution systems in 
UP lathes are unexceptional optical encoders and incremental scales. Well-
established manufacturers of encoder systems are Haidenhain, Renishaw and 
Sony offering linear scales down to an optical resolution of 138 nm (Sony) and 
down to 0.034 nm interpolated resolution (Sony). 
 
 
 
Figure 2.4 The high accuracy linear encoder and rotary encoder system 
(Renishaw plc) 
 
Also due to the high circumferential speed, the spindles usually feature air 
bearing technology to reduce the heat development in the spindle at high 
rotational speeds. Nevertheless, high load capacities up to 102 kg (Precitech 
Heavy duty HD-160 spindle) and highest axial and radial motion accuracy below 
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12.5 nm (PI 5.5) can be achieved. The damping of the air bearing is again 
beneficial for the surface quality of the produced workpieces. To allow fast tool 
servo manufacturing and C-axis functionality, many spindles are equipped with 
high resolution feedback systems.  
 
 
 
Figure 2.5 Nanotech Fast Tool Servo (NFTS-6000) and C-axis position control 
of work spindle (Moore Nanotechnology Systems, LLC) 
 
For many ultraprecision machine tools the use of linear direct drives is state of 
the art. The theoretical stiffness of these drives is infinite, as long as the force is 
below its maximum force. In addition, In order to gain the necessary position 
accuracy, the influences of friction and backlash (which will reduce the position 
resolution), have to be minimised. As a thermal heat source a drive needs to be 
considered as a disturbing element for the temperature profile in a precision 
machine system. Such requirements often turn out to be counteracting when 
detailing a machine’s design.  
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2.3.1.3 Guidance systems 
 
Free of direct mechanical contact are fluid bearings and guideways based on 
aerostatics or hydrostatics. A thin film of air or oil separates the slide from the 
guideway and allows for linear or rotary motion in one degree of freedom. The 
gap for the fluid is in the range of 3 to 10 µm in aerostatic systems and between 
7 to 20 µm in hydrostatic ones. In order to preload such a system and to 
introduce a sufficient stiffness, a wrap-around is needed, usually leading to a 
fairly large design compared to roller-based systems. Alternatively, magnets are 
used to preload aerostatic bearings and guideways. For hydrostatic guideways 
the preloading with largely dimensioned vacuum pockets is known.  
 
Regarding the diamond turning, the equipment of ultra-precision lathes with 
mainly hydrostatic bearing systems in all linear slides gives straightness of 
below 0.1 µm/100 mm moving length. The hydrostatic bearings ensure stick-slip 
free movement for the smallest movements down to the single-digit range of 
nanometres. Additionally, high stiffness for minimised displacement in the 
bearing system combined with high damping ensures highest form and surface 
quality. 
 
2.3.1.4 Control systems and amplifiers 
 
Generally, for the CAD model of the part to be machined, a CAD/CAM system is 
used for tool path planning providing G-Code for the control system. 
Geometrically simple parts can be machined directly at the machine with 
manual G-Code programming or on machine software such as ShopMill 
(Siemens) or MillPlus (Heidenhain). Some machine control systems are capable 
of reading polynomial based paths (e.g. Spline, Nurbs), but in a second step 
they internally break down the polynomial description into discrete points for tool 
path, velocity and acceleration calculation (Cheng & Huo, 2013).  
 
The density of the planned set points in G-Code is directly proportional to the 
deterministic accuracy of the part. Using a low density of points for the part’s 
surface description, the machine control interpolates in between, the operator 
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has little to no influence on this interpolation and therefore cannot control the 
part’s precision. Errors in the range of several microns can easily occur due to 
unsuited data preparation.  
 
In diamond turning, to ensure the desired accuracy, a control system is needed 
which handles the high accuracies in short control cycles to guarantee accurate 
movement along the desired tool paths without interpolation errors and loss of 
set-point data. The most common control system PMAC is supplied by the 
manufacturer DeltaTau Data systems Inc. and is used for example in Moore 
and LT ultra-machines. Precitech machines use a PC-based control system by 
PDMIA running on QNX real time operating systems. Figure 2.6 illustrates the 
currently ultraprecision diamond turning machine which was developed with the 
latest "precision engineered" designs and components, including high stiffness 
hydrostatic oil bearing slideways, state-of-the-art linear motor drives with 
sinusoidal drive amplifiers, and an exclusive PI 5.5 10,000 rpm heavy-duty 
groove compensated air bearing work spindle with liquid cooling for long term 
thermal stability. 
 
2.3.2 Experimental-based research studies and development of ultra-
precision turning machines: the state of the art 
 
There are a number of valuable research studies of experimental-based 
investigation on micro cutting mechanics and physics by using crystal single-
point diamond cutting tool with the ultraprecision machine. For instance, Lu et al 
(Lu & Yoneyama, 1999) proposed the miniature manufacturing system and a 
new micro turning system are subjected to investigating the possibility of 
reduction of reacting forces to a sufficiently low level without deflection of the 
micro workpiece. Arefin et al (Arefin, et al., 2007) investigated and determined 
the upper bond of cutting tool edge radius for ductile mode cutting of a brittle 
material. Single crystalline silicon material has been cut with varieties of cutting 
tool edge radii in a set of experimentation. Son et al. (Son, et al., 2005) studied 
the relationship between the friction of a tool-workpiece interface and the 
minimum cutting thickness in micro cutting. They proposed an ultraprecision 
cutting model in which the tool edge radius and the friction coefficient are the 
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principal factors determining the minimum cutting thickness with a continuous 
chip. It was indicated that a smaller edge radius and a higher friction coefficient 
result in a smaller cutting depth. The experimental results were also conducted 
by ultraprecision diamond cutting to verify the proposed model and provide 
various supporting evidences. Also Lucca et al. (Lucca, et al., 1994) conducted 
an experimental study of the depth of the plastically deformed layer which 
results in the orthogonal ultraprecision machining of copper. The commercial 
diamond turning machine with the orthogonal fly cutting using a flat-nosed 
single crystal diamond tool was used in the experimental investigation. 
 
 
 
 
Figure 2.6 ‘Nanotech 450UPL’ - Ultra-Precision 2-Axis CNC Diamond Turning 
Lathe produced by Moore Nanotechnology Systems, LLC 
 
The development of ultraprecision machining over the last decades has been 
reported by (Chapman, 2004 ; Riemer, 2011). Currently, some major advances 
in controls, feedback systems, servo drives, and general machine design and 
construction have evolved to the point where today’s ultra-precision machining 
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systems are more productive, more precise, and lower in price. This adoption of 
new technologies was utilised in the development of single point diamond 
turning machines. When combined in a regimented manner, these allow 
surfaces to be single point diamond turned in many materials such as 
aluminium, copper, nickel, brass, also crystal materials, e.g. germanium, silicon, 
etc., to a surface texture often as low as 2 nm RMS. 
These enabling machine features include: 
 Epoxy granite or natural granite machine bases allow higher thermal and 
mechanical stability, damping characteristics, lower centre of mass, and 
design flexibility. 
 Hydrostatic oil bearing box-way linear axes, for enhanced damping, 
smoothness of motion, geometrical accuracy, and wear free operation. 
 DC linear motors provide rapid feed rates, smooth, wear-free, and non-
influencing motion, and superb longitudinal dynamic stiffness. 
 High-speed air bearing spindles allow faster feed rates, therefore 
reduced cycle times, as well as smooth rotational motion, high load 
capacity, and stiff aerostatic spindles. 
 High-resolution linear scales with resolution of 1 nm and below replacing 
laser interferometers for nanometric axis position and improved 
geometrical accuracy. 
 Environmental control by air-conditioning of machine housings and 
customised systems for enhanced vibration isolation. 
 Grinding and polishing of diamond tools with well-defined geometry and 
sub-micron cutting edge waviness. 
 High speed PC-based computer numerical controls allowing data 
exchange and large part programs. 
 Advanced drive and feedback devices to improve work piece accuracy. 
 Measurement and error compensation systems on machine work pieces 
to access residual work piece errors. 
 Multi-axis machines, fast tool servo and slow slide servo turning for 
freeform machining. 
 Dedicated software for free form machining. 
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The ultra-precision machine was originally developed based on the commercial 
applications, and market and industrial requirements. Also the growing markets 
of precision, optics and micro technologies and systems yield a high potential 
for engineering tasks in ultra-precision manufacturing. Thus, in the future, the 
new challenges in developing the ultra-precision machines will continue to be 
driven by market requirements. Advances in computing technology, and 
photonics, will likely yield further advances in control and feedback technology 
that will allow ultra-precision machining technologies to continue to advance in 
line with market requirements (Chapman, 2004 ). 
 
2.4 Diamond cutting tools 
 
Diamond is a suitable material for cutting tools due to its excellent mechanical, 
chemical, thermal and electrical properties. The advantages of diamond cutting 
tools are, they were used in most of the early micro machining research due to 
their ultra-high hardness for wear resistance and this enables machinability of 
hard and ceramic materials. Also ultra-small sharp cutting edge radius could be 
easily generated which enables smaller undeformed chip thickness to be 
programmed and hence ultraprecision machining. Diamond tools also have the 
ability to maintain an extremely sharp cutting edge owing to its mechanical and 
chemical properties. 
 
Diamonds can be divided into single crystals and poly crystals. Single-crystal 
diamond (SCD) is the only tool material that can be used for ultraprecision 
machining, because an extremely sharp cutting edge can only be obtained on 
SCD. The estimated edge sharpness (cutting edge radius) is at the level of a 
few nanometres to a few tens of nanometres. According to the source of 
production, SCD can also be divided into two categories: natural diamond and 
composite diamond.  
 
With regards to diamond cutting tools being manufactured, diamonds can 
originate from nature as mono-crystalline diamonds (Gäbler & Pleger, 2010). 
These mono-crystals can also be obtained from high temperature high pressure 
(HTHP) synthesis. The HTHP process enables the growing of bigger diamonds 
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which may be required for heavier cuts and thicker chip dimensions. In selecting 
diamond cutting tools for micro machining, a key requirement is to select the 
tool with the smallest edge radius and least edge waviness. 
 
 
 
                             (a)                                                            (b)   
Figure 2.7 Mono-crystalline synthetic diamonds for requiring an ultra-high 
quality surface finish (© 2013 FiudiSrl): (a) manufactured in HTHP processing 
(BECKER Diamantwerkzeuge GmbH), (b) inserted with mono-crystalline natural 
diamond cutting edge  
 
Recently, the composite diamond, i.e., the artificially made SCD, has been 
commercialised as the cutting tool material for the ultraprecision cutting process 
in place of the natural diamond (Cheng, 2009). 
 
SCD tools have been used in industry for many years for producing optics and 
precision components by diamond turning or fly-cutting. Although the cutting 
edge radius of single point diamond tools can be sharpened down to 20 nm 
(Miyamoto, et al., 1990 ) and edge waviness can be controlled to 50 nm or so, 
the use of single point diamond tools for micro cutting is mainly for simple 
convex shape micro parts or micro structures, due to a diamond turning tool 
clearance angle which limits the generation of concave shapes with deep or 
steep cavities.  
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Figure 2.8 Single-point diamond tools for ultraprecision machining by Rudrali Hi 
Tech Tools Pvt. Ltd. (Rao, et al., 2014) 
 
Due to hard and excellent properties of the tools are always required which 
helping tools can produce high precisions, productivities, and low rates of tool 
wear etc., particular in machining hard and brittle materials. Thus, diamond is a 
preferable material for machining of hard materials, materials with inclusions 
and difficult to cut materials, for glass machining or machining other cutting tool 
materials such as cemented carbides. Typical processes that use diamond tools 
are micro turning, milling and drilling as well as grinding (Cheng & Huo, 2013). 
However, the disadvantages of diamond tools is that they have a very high 
affinity to iron, micro cutting is mostly limited to the machining of nonferrous 
materials such as brass, aluminium, copper, and nickel, etc., (Cheng, 2009).  
Thus, machining hard materials e.g. single crystal silicon, titanium, and other 
brittle materials by diamond cutting tools have been currently challenging in 
ultraprecision machining.  
 
Moreover, tool life and tool wear monitoring is one of crucial issues in 
developing cutting tool geometry. Although, the effective tool condition 
monitoring TCM systems have been developed by many researchers (Dornfeld, 
1990; Chae, et al., 2006) in order to increase diamond cutting tool 
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performances, but it is still challenging due to diamond tool wear mechanism is 
quite complicated and difficult to characterise which differs from other cutting 
tools. Thus, the optimum diamond tool geometries associated with effective 
(TCM) systems remain in requirements. 
 
The rapid wear rates of diamond tools in ultraprecision machining of brittle 
materials are another issue which have been widely concerned and challenged. 
Meanwhile, an excellent mirror-surface finishes of hard or brittle materials are 
highly required in diamond machining. Thus, diamond tool geometry associated 
with optimum machining conditions especially in ultraprecision and diamond 
machining has also been a critical issue in recent years. 
 
Another disadvantage of diamond tools is high production costs due to the 
expensive laser structuring of the cutting edge and the attachment of the cutting 
edge element to the substrate material which is not simple in terms of process 
engineering (Gluche, et al., 2003). 
 
2.5 Fast tool servos (FTS) 
 
The fast tool servo (FTS) has been widely used in ultraprecision in particular 
machines, since it can be carried out with high accuracy, repeatability and 
machinability especially for free-form surfaces of miniature parts and micro 
products. Basically, the FTS associated with the diamond cutting tool is applied 
to the ultraprecision machines e.g., diamond turning. The fabrications of free-
form surfaces and nonrotationally symmetric surfaces by diamond turning is 
essential required the high accuracy poisoning of cutting tool in the order of 
nanometre scales of errors, which can possibly be implemented by 
piezoelectric-driven fast tool servo. Thus, many attempts have been carried out 
to gain benefits of using the FTS with the highest performances in diamond 
turning. For instance, Noh et al (Noh, et al., 2009) presented the design, 
characteristic, evaluation and experiment of a fast tool positioning (FTP) unit 
driven by a voice coil actuator. Dow et al (Dow, et al., 1991) presented the 
development of a diamond turning machine with piezoelectric-driven fast tool 
servo in a laboratory-scale. The developed machine demonstrated the ability of 
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high-speed features machining such as sine wave, square wave, and ramp-
shaped surfaces. In addition, they also implemented testing of this fast too 
servo on a commercial diamond turning machine. Wei et al (Sze-Wei, et al., 
2007) designed and tested the optical performance of a fine tool servo system 
for global position error compensation which was installed on a miniature 
ultraprecision lathe. In order to achieve a closed-loop control system with 
proportional-integral (PI), analogue controller is implemented and tested in the 
set of experiments. Tian et al (Tian, et al., 2009) proposed the modelling and 
control of a flexure-based precision mechanism of piezoelectric actuator, which 
is adopted to improve the static and dynamic performance of the flexure-based 
mechanism, by focusing on the parallel flexure hinge is optimised to improve 
the positioning accuracy of the mechanism. 
 
The piezoelectric actuator is a kind of short stroke actuator. It is very promising 
for applications in the rotary table drive and slideways drive because of its high 
motion accuracy and wide response bandwidth. Currently, piezoelectric 
actuators have been applied in the design of the fine tool-positioner in order to 
obtain a high precision motion of the cutting tool. The piezoelectric actuator 
combined with mechanical flexure hinges, the so-called fast tool servo (FTS) 
system, is used for positioning control of the diamond cutting tool. Thus, the 
FTS plays a significant role in ultraprecision machining especially for achieving 
of high accuracy, repeatability and machinability for fabrications of micro/nano 
products. More recently, the FTS system has been introduced for diamond 
turning components and products with structured, free-form surfaces and non-
rationally symmetric surfaces such as laser mirrors, ophthalmic lenses moulds, 
etc. (Cheng, 2009).  
 
The piezo-actuator based FTS system is designed to perform precision 
positioning of the tool during a short stroke turning operation and also hold 
diamond tools. Static deformation of the FTS structure caused by cutting forces 
during rough and finish machining, must be minimised to reduce the form and 
dimension error of the workpiece at nanometre scales. Therefore, high stiffness, 
particularly in the feed direction which affects the machined surface directly, is 
required. A high first natural frequency is then required in the FTS structure to 
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prevent resonance vibrations of FTS structure under domination of cutting 
forces.  
 
On the other hand, the high stiffness of the FTS structure will reduce the 
effective stroke of the piezo actuator to some extent. For this reason a 
compromise is made between the high stiffness and actuator stroke reduction.  
 
 
Figure 2.9 FTS being an interdisciplinary subject of CM and PE and its design 
requirements 
 
A typical FTS consists of four major parts: compliant mechanism (CM) which 
holds a cutting tool, piezoelectric actuator, displacement sensor and control 
system. Moreover, design of the FTS should take into account for both 
compliant mechanism (CM) and precision engineering (PE); due to the FTS is 
the intersection of CM and PE as shown in Figure 2.9. Thus, based on the 
understanding of the FTS design, seven critical parameters or issues including 
resolution, range, stiffness, compatibility, frequency response, fatigue and 
dynamic stability respectively, should be concerned (Li, et al., 2011). 
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Figure 2.10 A schematic model of the FTS including the main parts: (1) the 
piezoelectric actuator, (2) the preload screw, (3) the lock screw base, (4) the 
CM structure, (5) the base, (6) the sensor holder, (7) the sensor, (8) the sensor 
plate, (9) the cutting tool, and (10) the front cover (Li, et al., 2011). 
 
2.6 Modelling and simulations 
 
Modelling and simulation techniques can illustrate the ability to simulate the 
micro cutting process behaviours virtually and more accurately. Typically, there 
have three diferrent methods and consequent objectives mainly included finite 
element (FE), molecular dynamics (MD), and multiscale simulation (MS) which 
have been currently used in implementing modelling and simulation of micro 
cutting (Cheng & Huo, 2013). Table 2.1 presents the comparasons of these 
three simulation techniques used in modelling and simulation of micro cutting. 
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Table 2.1 Developments and applications for various simulation techniques 
(Cheng & Huo, 2013) 
Techniques FE MD MS 
Simulation scale Big Small Medium 
Basic unit Node Atom Atom 
Generated time 
(Approx.) 
1940s 1950s 1990s 
Basic priciple Constitutive 
equation  
Potential function 
and Newton’s 
second law 
- 
General tools  ANSYS, Abaqus, 
Deform 3D  
Lammps, 
GROMOS, 
MDynaMix 
QC, MAAD, 
CADD, CGMD 
 
 
2.6.1 Modelling and anlysis using finite element method (FEM) 
 
Currently, the FEM is one of the most popular simulation techniques due to it 
being complementary to experimental approaches as it can overcome some of 
limitations, if done correctly. Also it can offer a reasonable insight into certain 
verifiable trends or guidance on empirical research to assist further 
understandings of the process. However, FEM has been a critical limitation for 
micro cutting due to it being based on principles of continuum mechanics. 
Hence, material properties are defined as bulk material properties whereas, in 
reality, the material behaves discontinuously in many cases of micro machining 
(Dornfeld, et al., 2006). In most cases of isotropic micro machining, FEM can be 
an attractive modelling method because the process can be reasonably treated 
in continuum space. FEM is, therefore, suitable for any materials modelling that 
are deformed in the ductile regime or the so-called plastic deformation 
materials. Thus, Johnson-Cook’s constitutive material modelling is one of the 
best choices for numerous attempts to conduct the modelling and simulation of 
micro machining in particular (Liu, et al., 2006; Lai, et al., 2008; Liu & Melkote, 
2005; Özel, 2006) is expressed as the flow stress which is a function of strain, 
36 
 
strain rate and temperature in terms of functional equation below (Liu & 
Melkote, 2007; Zong, et al., 2007; Zong, et al., 2006).  
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Where  ̅ is the equivalent stress,  ̅ is the equivalent plastic strain,  ̇ is the plastic 
strain rate,   ̇ is the reference strain rate (1.0 s
-1),    is room temperature,       
is the melting temperature, A is the initial yield stress (MPa), B is the hardening 
modulus, n is the work-hardening exponent, C is the strain rate dependency 
coefficient (MPa), and m is the thermal softening coefficient. 
The alternative main flow stress of constitutive models can be found in the 
comparative table as illustrated in Table 2.2 below   
 
Table 2.2 Summary of main flow stress constitutive models (Wu, 2012) 
Material model Mathematical representations Material 
constants 
Tabular format  ̅   ̅( ̅  ̇  ) N/A 
Oxley (Oxley, 1989)  ̅      ̅ 
       
Shirakashi and Usui 
(Shirakashi et al., 1970) 
 ̅      ̅     ̇  [        ]         
Johnson and Cook 
(Johnson et al., 1983) 
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 ̇
 ̇ 
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Zerilli and Armstrong 
(Zerilli et al., 1995) 
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2.6.2 Molecular dynamics (MD) modelling and analysis  
 
MD simulation is a microscopic approach to analyse the behaviour of a solid 
model from an atomistic point of view which needs to be well-established for 
37 
 
structure and potential function as the input parameters. It can accommodate 
micro-material characteristics as well as dislocations, crack propagations, 
specific cutting energy, etc. It is generally reserved for nanometrical cuts 
because it requires large computing power and gives only a local representation 
of the material’s behaviour (Shimada, et al., 1993). However, there are three 
major obstacles in MD modelling. The core part of MD requires good 
representation of interatomic forces among various combinations of atoms 
involved in cutting, referred to as a potential. Formulating a potential requires 
the equivalent of one good Ph.D. level study and thus very few potentials are 
available. Secondly, since MD calculates interatomic forces among all atoms 
within a certain boundary, intensive computational power is required. Therefore, 
many MD studies are limited to a very small space, such as at a nanometer or 
angstrom level. Thirdly, MD analysis lacks a good representation of continuum 
behaviour of material. Therefore, most MD simulations clearly state the 
boundary of application (Dornfeld, et al., 2006). 
 
2.6.3 Multiscale (MS) modelling and analysis 
 
From the aforementioned two modelling and simulation techniques of 
micromachining, they have their own limitations. If FEM analysis is suitable for 
continuum scales while MD analysis is better for atomic scales of simulation, 
Multi-scale modelling technique is emerging to combine both atomic and 
continuum scales together in order to fill the limited gaps of both techniques. 
The multi-scale modelling technique is aimed to bridge the length and 
timescales associated with relevant physical processes, also the ability to 
perform multi-scale characterisation of a material, i.e., to characterise the 
structure and its evolution with deformation on different scales (Mohamed, 
2006). Thus, the physical parameters gained from micro-scale are conveyed to 
macro-scale through some equivalent methods, and macro-scale calculations 
supply some boundary conditions for micro-scale. This not only saves 
computational time but captures micro deformation mechanisms of objects 
accurately (Cheng & Huo, 2013). 
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2.7 Knowledge gaps identified 
 
In this research, the issues that have been of interest and studied were selected 
in three separate topics. The first is the dynamic stiffness, particularly in single 
point diamond turning (SPDT) process. This topic focuses on how the dynamic 
stiffness affects the cutting process and machining accuracies especially in 
induced machining errors and burrs formation. Further discussions on finding 
results, its effects on the cutting process, and method of reducing or minimising 
the effects through experiment-based findings can be found in Chapter 4.The 
second topic is presented on the micro cutting force modelling instead of using 
the absolute micro cutting forces for better interpreting the micro cutting 
mechanics and physics. The modelling approach is introduced in two aspects 
including amplitude and spatial aspects. The amplitude aspect using specific 
cutting forces can be used in interpreting the micro cutting mechanics and 
physics. Meanwhile, the spatial aspect is dynamic analysis of cutting forces 
against a dynamically varied cutting time interval. The special aspect associated 
with wavelet transform technique and standard deviation analysis can verify the 
correlations with detection of diamond tool wear. The model formulation, 
methodology, the interpretation of the cutting mechanics, the correlation with 
tool wear detection, and further discussions on benefits of model approach can 
be found in Chapter 5. The last topic is the scientific understandings of the 
partitioned distribution of cutting heat and temperature in micro cutting. FE-
based simulation on micro cutting temperature is carried out, associated with 
the experimental validation conducted in SPDT with the same cutting 
conditions. The analysis on heat partitioned distribution in micro cutting, and 
further discussions can be found in Chapter 6. In this section, the knowledge 
gaps identified for these topics are expressed as following described.  
 
2.7.1 Dynamic stiffness in cutting process 
 
The dynamic loads or dynamic cutting forces are always dominating in the 
realistic cutting process. The machine tool’s structures are then dominated by 
the dynamic excitation loads with a specific amplitude and frequency. The 
machine tools are subjected to constantly changing deformation of structures. 
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The definition of dynamic stiffness, in terms of the excitation loads or dynamic 
cutting forces against the dynamic displacements which possibly affect the 
dynamic cutting process and consequently the machining accuracies, is 
attempted in this study. Due to the dynamic stiffness is believed that it exists 
and effects on burr formation and machining accuracy in micro cutting, a few 
studies have been done on dynamic stiffness investigation particularly in micro 
cutting. For instance, Yigit et al (Yigit & Ulsoy, 2002) proposed a systematic 
procedure to evaluate the dynamic stiffness characteristics of design 
alternatives for a reconfigurable machine tool (RMT). The results show that joint 
non-linearities of machine tools may affect dynamic stiffness considerably. Kim 
et al (Kim, et al., April. 9-11, 2008) presented a case study on dynamic 
characteristics analysis and dynamic stiffness evaluation of a 5-axis multi-
tasking machine tool of ram-head type. The dynamic stiffness of the machine 
tool was analysed and measured by both finite element method (FEM) and a 
hydraulic exciter test respectively. The results show that theoretical analysis 
and exciter testing showed good agreement with each other. Andreas (Archenti, 
Thesis 2008) presented the model-based identification to evaluate machine tool 
and machining system stability because high static stiffness is required in order 
to reduce deformations in machining systems. Meantime, high dynamic stiffness 
is needed in order to minimise the self‐excited and/or forced vibration. However, 
high static stiffness results often in a low damping system and therefore 
reduces dynamic stiffness. Thus, a trade-off between the static stiffness and 
dynamic stiffness needs to be optimised. However, these investigations have 
been made on the machines used in the macro-machining scales. Meanwhile, 
Zhou et al (Zhou & Cheng, 2009) established the dynamic cutting process 
system modelling and proposed the dynamic loop stiffness of the cutting 
process. The machined surface topography and the origins of surface error are 
analysed and validated by the preliminary cutting trials. 
 
Currently, there have been no studies presenting clear evidence of relationships 
of the dynamic stiffness to burr formation and machining accuracies in particular 
in micro cutting. Thus, the dynamic stiffness is of interest and needs to be 
clearly investigated and defined, due to it being believed that dynamic stiffness 
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is influencing the micro cutting process rather than the static stiffness which has 
previously numerous investigations.   
 
2.7.2 A novel cutting force modelling 
 
Generally, the cutting forces have always been used to predict the cutting 
mechanism behaviours and cutting performances in particular instances of 
dynamic cyclic vibration, machined surface roughness, surface generation 
mechanism, chip formation, even cutting tool wear mechanism, etc. However, 
the absolute cutting forces in micro cutting are generally quite small down to 
0.1-1N scale (Lee & Cheung, 2003) and consequently have totally different 
characteristics when compared with those of conventional cutting. Thus, this 
can cause inaccuracy and be difficult to analyse exact behaviours of cutting 
mechanisms by using absolute values. Thus, accurate and reliable cutting force 
modelling is needed instead of using absolute cutting force for predicting, 
analysing and better understanding of micro machining processes and systems. 
This micro cutting force model should differ from those of general models for 
macro cutting scales which have been used widely. In addition, the model 
should clearly depict the intrinsic nature of micro cutting force for better 
understanding and accurate interpretation of the characteristics of cutting 
mechanics and physics. 
 
In recent years, a number of research studies have proposed many aims of 
cutting force modelling particularly in diamond turning. For instance, Lee et al 
(Lee, et al., 2002) presented the microplasticity model to predict the pattern of 
cyclic variation of cutting forces in diamond face turning. They used power 
spectrum analysis to extract the features of the cyclic cutting force patterns and 
find the relationship between the cyclic variation of cutting forces and the 
crystallographic orientation of the work materials being cut. Lo-A-Foe et al (Lo-
A-Foe, et al., 1988) built up the force relationship model which was 
implemented numerically to estimate the surface roughness of SPDT with 
experimental validation. Chae et al (Chae, et al., 2006) investigated the 
dynamic component of micro cutting forces being mainly due to shearing forces, 
which is similar to conventional cutting force simulations when the depth of cut 
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is greater than tool edge radius. However, they summarised that the offset static 
component between the experiment and the predictions clearly indicated that 
ploughing forces in micro machining processes cannot be fully expressed by 
macro cutting models. Also the dynamic component dominated by the 
ploughing forces has not yet been proved. Kim et al (Kim & Kim, 1995) 
determined the two effects of micro cutting taking place under 1 µm (or less) 
depth of cut. One is the effective negative rake angle of the rounded edge of the 
tool. Another is the friction due to the elastic recovery of the workpiece at the 
clearance face. The investigation was implemented by analysing and comparing 
the cutting force per unit width (N/mm) of two orthogonal micro cutting models. 
 
Most monitoring systems developed up to date employ force, acoustic emission 
and vibration. For example, Dornfeld et al (Dornfeld, 1990) developed a multi-
layered perception type neural network for an on-line tool wear monitoring 
system. They combined the outputs of several sensors (acoustic emission, 
force and spindle motor current) for monitoring progressive tool wear in a single 
point turning operation, then conducted signal processing and feature selection 
for decision making algorithm. Also a new technique, the wavelet transform 
(WT) analysis has been recently used for tool wear monitoring. Fang (Fang, et 
al., 2012) proposed the wavelet packet transform helps in identifying the 
changes in the vibration signals in different frequency bands to detect the tool-
edge wear in high-speed turning of Inconel 718. Wang et al (Wang, et al., 1998) 
also presented a new approach for process monitoring in reconfigurable 
machining systems based on WT. They proposed the sharp and worn tool can 
be presented in terms of different intensities of coefficients of the WT for each 
scale (frequency bandwidth). Despite Rehorn (Rehorn, et al., 2005) stating that 
the development of tool condition monitoring (TCM) systems have been widely 
researched in association with several important trends of methodology, few 
studies have been conducted on diamond tool wear monitoring. Even though a 
few research works, for instance works of Scheffer et al., (Scheffer & Heyns, 
2001) have currently been conducted on diamond tool wear monitoring, it has 
always been used multiple-sensor approaches e.g., vibrational analysis and 
accelerometers sensing combined with a kind of neural network which often 
causes the system to be more complicated and not always user-friendly. 
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However, they suggested that the wavelet transform analysis feasibly helps in 
improving the ability of tool breakage detection by less specific training and so 
is required. In summary, a few studies have been proposed on tool condition 
monitoring (TCM) particularly in SPDT while it becomes more challenging due 
to mirror-surfaces of miniature parts and micro products being widely required. 
The WT analysis has also not been widely used or thoroughly investigated yet 
in tool wear monitoring systems. Thus, more simply, less sensoring techniques, 
and a user-friendly version of the TCM for diamond cutting tool is needed.  
 
However, the interpretation of micro cutting mechanics and physics by using the 
proper micro cutting force modelling instead of general force models at macro 
scale have not been thoroughly investigated and presented yet. Thus, the 
modelling approach is represented in terms of the proper micro cutting force 
model, proposed particularly in two aspects namely amplitude and spatial 
aspects. The amplitude aspect using the specific cutting force at the unit cutting 
length and area is presented. This model formulation can better interpret the 
micro cutting mechanics and physics, particularly in chip formation mechanism 
and the size effects in micro cutting. The spatial aspect analyses the dynamic 
forces against a short cutting time interval. The spatial aspect is utilised in 
application of tool wear monitoring in SPDT by wavelet transform technique 
associated with standard deviation analysis.   
 
2.7.3 Cutting temperature and heat partitioned distribution in micro 
cutting 
 
Cutting temperature in micro cutting can play a significant role in influencing the 
machining performance particularly on the tool wear (Dan & Mathew, 1990), 
surface generation and integrity, and machining accuracy (Kim, et al., 2012). 
The heat occurring in micro cutting is a relatively small amount, it cannot be 
neglected because the temperature concentration is comparably high in the 
small cutting zone, area or volume. Many research studies are concerned with 
the cutting temperature’s effects on the micro cutting process and 
correspondingly on the tool wear, quality of machined surfaces, and machining 
accuracy. For instance, lkawa et al (lkawa, et al., 1991) stated that even a small 
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increment of cutting temperature can cause an expansion of the tool shank and 
in turn, deterioration of the machining accuracy. Furthermore, it governs the 
wear rate of a diamond tool, which is fatal to the machined surface roughness. 
Kim et al (Kim, et al., 2012) proposed the quality of micro cutting features can 
be maintained by reducing the tool wear and cutting heat generation in the 
micro cutting process under various cutting lubrication conditions. Moriwaki et al 
(Moriwaki, et al., 1990) stated that the machining error by cutting heat is not 
negligible even in micro diamond cutting based on their experimental and 
theoretical analyses of the thermal deformation of the cutting tool and workpiece 
due to the cutting heat. Chen et al (Chen, et al., 2013) studied a set of micro 
cutting experiments carried out and measured the cutting temperature in the 
micro cutting process with a fast-response high accuracy thermocouple 
supported with FE modelling and simulation validation. They also claimed that 
the effect of heat generation needs to be addressed especially when high 
machining accuracy is required. 
 
Therefore, the micro cutting temperature and heat partitioned distribution is one 
of the most critical issues of scientific understanding in micro cutting mechanics 
and physics. In micro cutting, cutting temperature and heat partitioned 
distribution of diamond tool-workpiece-chip interface and subsequently thermal 
effects in each component of micro cutting are still not well understood. Thus, a 
quantitative investigation on cutting temperature and heat partitioned 
distribution analysis in micro cutting is necessary to contribute to knowledge. 
The investigation is implemented through the experimental cutting supported 
with the FE-based model and simulation validation. The extensive discussion on 
the effects of cutting temperature on the tool wear, surface generation and 
machining accuracy are also given. 
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Chapter 3 Formulation of the research approach to 
micro cutting mechanics 
 
 
 
3.1 Introduction 
 
The research project aims to interpret micro cutting mechanics and physics 
based on experimental investigation. The scientific understandings focus in 
particular on three main issues comprising experimental investigations carried 
out on dynamic stiffness, micro cutting force modelling and micro cutting 
temperature. However, in order to be capable of better interpretation than just 
experimental investigation, modelling and simulation have also been conducted 
to investigate micro cutting force modelling and micro cutting temperature 
before the experimental implementations. Figure 3.1 illustrates the schematic of 
the research approach to micro cutting mechanics investigation.        
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Figure 3.1 The schematic of the research approach to micro cutting mechanics 
investigation 
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Single point diamond turning (SPDT) has been carried out in the sets of 
experiments for all aspects of research approaches. Firstly, diamond turning 
with and without FTS identified and verified the dynamics stiffness and its 
effects as well as the controllable method of dynamic stiffness in micro cutting. 
The controllable method is expected to optimize and minimize unwanted 
effects, particularly in burr formation and machining accuracy, e.g., micro slot 
accuracies. Secondly, a novel cutting force modelling has been proposed in 
order to better interpret micro cutting mechanisms and for use in a tool wear 
monitoring application. This novel approach has been established based on the 
measurements of absolute cutting force during the cutting trials. The outcomes 
of the model are proposed as a method for scientific interpretation particularly of 
size effect, chip formation and tool wear mechanisms respectively. Finally, 
micro cutting heat and temperature have been measured and analysed based 
on cutting experiments. Analyses on the heat partitioned distribution into cutting 
tool/tool tip, workpiece and chip have been carried out. The thermal effects on 
machining accuracy, surface quality and tool wear are further analysed and 
discussed. Modelling and simulation validation of the cutting force modelling 
approach and micro cutting temperature are also conducted before 
experimental trials. The schematic procedures and details of these issues are 
explained. The technical and theoretical analyses are also described in this 
chapter.      
 
3.2 Experimental set-ups and procedures 
 
Experimental study is essential in this research because the micro cutting 
investigation requires substantial evidence. Thus, in order to thoroughly 
investigate the research approach as proposed, proper, reasonable, possible 
and simple experimental set-ups and methods for measuring results are 
needed. The experiments can be divided into three sub-topics as follows:   
 
3.2.1 Dynamic stiffness investigation  
 
Because of inherent hysteretic behaviour the piezoelectric actuator in the FTS 
system is never linear. In other words, the hysteresis between charging and 
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discharging voltage is never equal. Then, the cutting process always involves 
error distances of moving tools, i.e., the actual movements of the cutting tool 
are not the same as the desired movements. Thus, in order to control the actual 
movements of the cutting tool, the hysteresis compensation module is applied in 
the cutting experiments (Figure 3.2). The concept of the hysteresis 
compensation module is a controllable tool using FTS for reducing the 
hysteresis effects and controlling the tool movement characteristics. Thus, the 
cutting tool movements and consequent dynamics stiffness are then controlled. 
This is because the proportion of the dynamic cutting force to the corresponding 
dynamic displacements is reducing. 
 
The experimental planning of dynamic stiffness investigation is based on 
comparison of 2 types of cutting, i.e., normal cutting and hysteresis 
compensated cutting. The hysteresis compensated cutting means machining 
with controllable tool, the so called hysteresis compensated module, in order for 
controlling the characteristic movements of the diamond tool during cutting 
process. Meanwhile, normal cutting means machining without this controllable 
tool, i.e., the hysteresis effects of the FTS would be involved in the cutting 
process. The cutting conditions were setup as similar to each other between 
both types of cutting to perform the three cases study of micro-featured forms. 
The planning of both cutting types started by setting the zero depth of cut with 
skimming the workpiece surface by face turning with a small depth of cut. The 3 
case studies of micro-featured forms were then performed by cutting on three 
wafers of aluminium AA 6082-T6 with sizes of 50 mm diameter and 10 mm 
thickness. Finally, the comparison between normal and hysteresis compensated 
cutting were implemented in regards to burrs formation and slot accuracy.   The 
schematic algorithm of investigation of dynamic stiffness is illustrated in Figure 
3.2. It can be observed that both results of cutting with and without the 
hysteresis compensation module are compared and analysed. Thus, the main 
effects of the changing dynamic stiffness due to the changing proportion of 
cutting forces to dynamic displacements which resulted from the control of 
characteristic movements of cutting tool can be discussed in two aspects. One 
is the formation of burrs, and another aspect is the machining accuracy in micro 
cutting. The Details of the experimental procedures, cutting conditions, including 
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controllable method and tool, results, concluding remarks and discussions can 
be found in Chapter 4.  
 
 
 
Figure 3.2 Schematic diagram of cutting experiments with and without the 
hysteresis compensation module for dynamic stiffness investigation 
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3.2.2 Micro cutting force modelling 
 
The cutting experiments set-up for this novel approach is based on normal 
cutting with different type of materials, mainly including single-crystal silicon, 
titanium Ti-6Al-4V, and aluminium AA 6082-T6. A newly reground diamond 
cutting tool was used in the cutting experiments for all materials. In order to 
monitor the progress of wear on the cutting tool, each material was needed to 
cut six times repeatedly under the same cutting conditions.  
The experimental planning for micro cutting force modelling investigation is 
explained. The three selected materials were pre-machined as a wafer with 10 
mm thickness and 60 mm of diameter. The selected materials were machined 
by the same cutting behaviours which first times cutting with small depth of cut 
for skimming the workpiece surface and setting the zero depth of cut on this 
skim surface. The main cutting six times repeatedly by the same cutting 
conditions was performed. The cutting conditions in this experimental 
investigation are 10 µm depth of cut, 100 m/min constant surface speed, and 5 
mm/min feed rate, respectively. The feed and cutting forces were recorded by 
Labview data acquisition through a DAQ card. The feed and cutting forces data 
of silicon cutting were selected in implementing the interpretation of the chip 
formation mechanism in micro cutting. Meanwhile, forces data of all selected 
materials were analysed the tool wear progress by wavelet transform technique 
associated with stand deviation analysis. The specific details can be found in 
Figure 3.3   
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Figure 3.3 The schematic of the novel cutting force modelling approach 
 
Figure 3.3 shows the schematic of the cutting force modelling approach which 
depicts the corresponding parallel to the cutting experiments. Also, it illustrates 
how it links to micro cutting mechanism interpretations and application for tool 
wear monitoring respectively. Modelling and simulation were also implemented 
to interpret the size effect in micro cutting, and validate the experiments which is 
a better method of investigating and providing explanations more satisfactory 
than by using cutting experiments only. The wavelet transform technique is 
adopted and introduced for tool condition monitoring (TCM) in the cutting force 
modeling application. The experimental details, results and further discussions 
are in Chapter 5.  
 
3.2.3 Micro cutting heat and temperature investigation 
 
Modelling and simulation of micro cutting temperature under specific cutting 
conditions were carried out for cutting aluminium AA6082-T6. Experimental 
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validations were also conducted under the same cutting conditions. The 
materials used in this experimental investigation include aluminium AA 6082-T6, 
titanium Ti-6Al-4V and single crystal silicon. 
The experimental planning of micro cutting temperature and heat partitioned 
distribution investigation was similar to experiments of cutting force modelling 
approach in previous section. Again, the three selected materials were pre-
machined as a wafer with 10 mm thickness and 60 mm of diameter 
respectively. The thermal imaging camera was installed in front of the cutting 
scenarios as shown in Figure 3.4. The zero depth of cut was set by face cutting 
a small depth of cut. Thus, the 3 times cutting repeatedly and continuously by 
the same cutting conditions were performed. The real time cutting temperature 
on four specific areas of cutting Ti-6Al-4V associated with three specific areas 
of cutting AA 6082-T6 and single crystal silicon were then collected by the 
thermal imaging camera through its specific software. The four specific areas 
are included the diamond tool, tool tip, workpiece and chip, respectively. 
However, cutting temperature on chip of aluminium and silicon cutting cannot 
be captured due to the limitation of the camera. The curve fitting of cutting 
temperature graphs were implemented in order to reduce the errors and 
variability from measurements and devices. Finally, the heat partitioned 
distribution of three selected materials was analysed. The cutting conditions in 
this experimental setup were used as equal to 10 µm depth of cut, 100 m/min 
constant surface speed, and 5 mm/min feed rate, respectively. The schematic 
procedures of micro cutting heat and temperature are depicted in Figure 3.4. 
The specific details and further discussions on the tool wear, surface generation 
and machining accuracy are also included in Chapter 6.  
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Figure 3.4 Schematic procedures of micro cutting heat and temperature 
investigation 
 
3.3 Modelling and simulation method: finite element analysis (FEA) in 
micro cutting  
 
The expected research outcomes of modelling and simulation are based on two 
main objects. One is the micro cutting force, and the other is the cutting 
temperature. Thus, the constitutive material modelling of aluminium AA6082-T6 
and titanium Ti-6Al-4V are constructed. The chip separation criterion modelling 
and the differential equation of thermal conduction are applied as input 
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parameters to the models. The simulation results are consequently presented in 
two aspects, i.e., the micro cutting force and temperature. The cutting force 
outcomes are divided into two particular types, and include simulated force 
results from cutting with a normal rake angle (0º) and varied rake angles and 
chamfers. The simulation of cutting forces outcomes and its benefits can be 
found in Chapter 5. Meanwhile, the micro cutting temperature outcomes are 
subsequently analysed: the micro cutting temperature and heat partitioned 
distribution validations are detailed in Chapter 6. 
 
 
 
Figure 3.5 Modelling and simulation of micro cutting forces and temperature 
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The schematic structure of modelling and simulation of micro cutting forces and 
temperature is illustrated in Figure 3.5.  
 
3.4 Theoretical and technical analysis on the research approach 
 
Relevant methods are required in order to appropriately set out the research 
findings. Thus, techniques, equipment and theories are applied to analyse 
specific problems in the research approach. They can be separated into three 
parts as follows: 
(1) Firstly, the microscope Axio Scope.A1 and Zygo NewView 5000 
profilometer are used to analyse burr formation and micro slot accuracies 
respectively. The outcomes from cutting with and without using the 
hysteresis compensation module are then evaluated and compared. 
(2) Secondly, the heat partitioned distribution needs heat transfer analysis 
particularly in micro cutting. Therefore, the conductive heat transfer is 
introduced and applied particularly in analysing the generated heat diffusion 
into tool-workpiece-chip partition. 
(3) Finally, the diamond tool wear progressing requires the wavelet transform 
technique associated with standard deviation analysis in order to detect the 
tool wear stages in the micro cutting process.   
The specific details for each technique or theory can be found in sections 3.4.1-
3.4.3 
 
3.4.1 Burrs formation and machining accuracy analysis   
 
Burr formation may be caused by the effects of dynamic stiffness. It is believed 
that when dynamic stiffness is controlled, burr formation will be limited and 
minimized. In order to verify the burr formation, it is then investigated using the 
microscope. Thus, the burr formation of micro cutting with and without using the 
hysteresis compensation module has been analysed and compared. The 
microscope Axio Scope.A1 and its technical specifications are shown in Figure 
3.6 and Appendix 6 respectively.  
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Figure 3.6 Microscope Axio Scope.A1 and its features 
 
The dimensional accuracy of micro slot is also believed to be influenced by 
dynamic stiffness in the cutting process, due to the micro triangle (V-shaped 
slot) and square slots conducted in the experimental trials. Thus, step height 
measurements were carried out with the Zygo NewView 5000 profilometer in 
order to investigate micro slot dimensions. The micro slot accuracies were then 
assessed and compared between cutting with and without using the hysteresis 
compensation module. Figure 3.7 depicts the Zygo NewView 5000 profilometer, 
and its technical data can be found in Appendix 3.  
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Figure 3.7 Zygo NewView 5000 profilometer and its functions 
 
3.4.2 Heat transfer in micro cutting for tool-workpiece-chip heat 
partitioned distribution 
 
The conductive heat transfer is applied in consideration of diamond 
tool-workpiece-chip heat partitioned distribution in micro cutting. Heat 
conduction (or thermal conduction) is the transfer of internal energy by 
microscopic diffusion and collisions of particles or quasi-particles within a body 
between solids due to a temperature gradient. The theoretical background of 
heat transfer mechanisms can be separated and interpreted in three 
mechanisms comprising conduction, convection and radiation. Convection heat 
transfer is energy transport due to bulk fluid motion through gases or liquids 
from a solid boundary resulting from the fluid motion along the surface. 
Radiation heat transfer is energy transport due to emission of electromagnetic 
waves or photons from a surface or volume. Meanwhile, energy transfer by 
conduction can take place in solids, liquids and gases. Conduction can be 
thought of as the transfer of energy from the more energetic particles of a 
substance to adjacent particles that are less energetic due to interactions 
between particles. The time rate of energy transfer by conduction is quantified 
macroscopically by Fourier’s Law (Moran & Shapiro, 2006; IV & V, 2012; 
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Sobhan & Peterson, 2008; Volz, 2007). Thus, in micro cutting, the conductive 
heat transfer through solids is considered to be due to molecular vibration. 
Based on Fourier's Law, the rate of heat transfer across any plane is normal to 
the x direction, Q/A ( ̇ ), or the so called heat transfer per unit area (W/m
2). It is 
proportional to the temperature gradient dT/dx in the x direction where the 
temperature T(x) varies linearly with position x. The constant of proportionality is 
called the material thermal conductivity k. Considering the steady state of 
one-dimensional heat conduction, it can be expressed by the scalar equation 
 
     
  
  
   ̇     
  
  
         (3.1) 
 
where the heat flux q depends on a given temperature T and thermal 
conductivity k. The minus sign is a consequence of energy transfer in the 
direction of decreasing temperature,  ̇  represents the heat flow through a 
defined cross-sectional area A, thus, integrating the one-dimensional heat flow 
equation through a material's thickness x gives as: 
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The theoretical background mentioned above is associated with the 
experimental results of micro cutting temperature. The analyses of heat 
partitioned distribution of three specific sample materials are implemented and 
described in details in topic 6.5.  
 
3.4.3 Wavelet transform associated with standard deviation for tool wear 
monitoring and analysis 
 
Wavelet analysis is a powerful tool in signal processing which represents the 
next logical step, i.e., a windowing technique with variable-sized regions. 
Wavelet analysis allows the use of long time intervals that are more precise at 
low frequency information and shorter periods at high frequency information.  
57 
 
 
Figure 3.8 The signal processing comparisons in contrast with time-based, 
frequency-based, STFT and wavelet analysis (Misiti, et al., 2000) 
 
It is noted that wavelet analysis does not use a time-frequency region, but 
rather a time-scale region. Meanwhile, previous methods including the time 
domain use the amplitude-time region, while the frequency domain and the 
Short-Time Fourier Transform (STFT) use frequency-time region respectively 
(Misiti, et al., 2000). Conventional time-frequency analysis methods such as 
STFT only provide uniform time and frequency resolutions in the whole time-
frequency domain. Consequently, only information with limited precision can be 
obtained, and that precision is determined by the size of the window (Anon., 
2005). Meanwhile, the wavelet transform (WT) uses windows of different 
lengths for different frequencies. High frequencies are analysed with narrower 
windows for better time resolution, while at low frequencies wider windows are 
used for better frequency resolution. Thus, the WT can extract more information 
in the time domain at different frequency bands (Teti, et al., 2010). In other 
words, the wavelet can provide fine frequency resolution at low frequencies and 
fine time resolution at high frequencies, which is impossible when using the 
methods mentioned previously. That means the wavelet can provide high time 
resolution and frequency resolution simultaneously.  
 
The basic idea behind signal processing with wavelets is that the signal can be 
decomposed into its component elements through the use of basic functions. In 
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the case of wavelet analysis, the basic functions consist of the wavelet scale 
function, and scaled and shifted versions of the mother wavelet. Unlike in 
Fourier analysis, the basic function is just sine or cosine waves. A wavelet 
transform is a popular tool for studying intermittent and localized phenomena in 
various signals, e.g., cutting force signals for tool wear monitoring and analysis. 
Owing to the multiresolution ability of a wavelet transform, the noised signals 
can be separated into several approximation and detail signals (Lin, 2001). The 
wavelet transform of a signal f(t) is defined as the sum of the time of signal f(t) 
multiplied by a scaled and shifted version of the wavelet function Ψ(t) (Kwak, 
2006; Huang, et al., 2013). Thus, the coefficients C(a, b) of the continuous 
wavelet transform (CWT) of the signal f(t) can be expressed as follows: 
 
       ∫            
   
 
 
 
  
                                                    (3.4) 
 
where a and b are the scaling and shifting parameters in the wavelet transform. 
A family of scaled and shifted wavelets can be produced by varying the 
parameters a and b. For the sampled signal f(k), a discrete wavelet transform 
can be used. The most commonly used discrete wavelet transform is the 
scaling and shifting of parameters with powers of two, expressed as follows: 
 
                                                                                    (3.5) 
 
                                                                             (3.6) 
 
where j is the number of levels in the discrete wavelet transform (DWT). The 
coefficients C(a, b) of the discrete wavelet transform can be divided into two 
parts, namely, approximation coefficients and detail coefficients. The 
approximation coefficients (scaling coefficients) are the high scale, low 
frequency components of the signal     , while the detail coefficients (wavelet 
coefficients) are the low scale, high frequency components of the signal      
(Kwak, 2006). The approximation coefficients (Aj) and the detail coefficients (Dj) 
of the discrete wavelet transform for the sampled signal      at level j can be 
expressed as follows: 
 
59 
 
   ∑     
 
           ∑     
 
   
 
√  
 (
     
  
)                                   (3.7) 
 
   ∑     
 
           ∑     
 
   
 
√  
 (
     
  
)                                   (3.8)  
 
where         is the scaling function associated with the wavelet function 
       . 
 
There are a number of well-known wavelets such as Morlet, Haar, Shannon, 
Symmlets, Coiflets and Daubechies wavelets, etc., in the common family of 
wavelet mother functions. The most popular are the Daubechies, Symmlets and 
Coiflets wavelets. These mother wavelets give the best overall performance in 
respect of the mean squared error between reconstruction signal and original 
signal, and maximizing the signal-to-noise ratio improvement. However, the 
performance of the abovementioned wavelet mother functions in extracting the 
feature sensitive to wear quality may vary according to the mother wavelet 
properties (Pal, et al., 2011). Thus, in this research project, the Daubechies 
wavelet was selected in analysing the tool wear states detection. 
 
The wavelet transform associated with the standard deviation analysis is 
capable of being applied in detecting cutting tool wear states (Huang, et al., 
2013). A wavelet transform can decompose signals into different frequency 
bands in the time domain. Statistical tools such as root mean square (RMS) or 
standard deviation can then be extracted from the decomposed signal for each 
frequency band and used as the monitoring feature for tool wear (Li, 2002 ; 
Xiaoli, et al., 1997). In this research, single crystal silicon is a material of interest 
for tool wear detection based on wavelet decomposition and analysis of force 
signals through experimental cutting. In order to analyse the tool wear states, 
an analysis of standard deviation of cutting force at different wavelet coefficients 
has been conducted. The schematic procedures of wavelet transform technique 
as well as standard deviation analysis of tool wear monitoring have been 
proposed in Figure 3.9. More details and further analysis of tool wear in cutting 
titanium and aluminium comparable to cutting silicon can be found in Chapter 5.   
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Figure 3.9 Schematic procedure for analysis and monitoring of tool wear status 
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Chapter 4 Dynamic stiffness and its effects on micro 
cutting 
 
 
 
4.1 Introduction  
 
The dynamic stiffness is one of the latest and most interesting issues that has 
been proposed for cutting mechanics particular in micro cutting. It is believed 
that not only static stiffness in the micro cutting process has been concerned 
and taken into consideration, but also the dynamic stiffness greatly influence 
and affect the machining performances. This may be caused by the cutting 
process and is mainly dominated by the dynamic excitation loads or dynamic 
cutting forces, and consequent directly influence on dynamic displacements of 
cutting tool which results in cutting performances. Thus, scientific point of view, 
the dynamic stiffness is quite important to study on its characteristics and 
effects on the micro machining particularly at both stages of machine design 
and machining process. Basically, static stiffness in machine tools refers to the 
performance of structures under the static or quasi-static loads which normally 
come from gravity and cutting force, etc. Apart from the static loads, machine 
tools are subjected to constantly changing dynamic forces and the machine tool 
structure will deform according to the amplitude and frequency of the dynamic 
excitation loads, which is termed dynamic stiffness (Cheng, 2009). 
 
Although, there have been attempts to investigate the dynamic stiffness, 
characteristics and benefits, a few previous reports on the dynamic stiffness 
investigation. However, these attempts almost always investigated conventional 
cutting. For instance, Yigit et al (Yigit & Ulsoy, 2002) proposed a systematic 
procedure to evaluate the dynamic stiffness characteristics of design 
alternatives for a reconfigurable machine tool (RMT). Kim et al (Kim, et al., April. 
9-11, 2008) also presented a case study on dynamic characteristics analysis 
and dynamic stiffness evaluation of a 5-axis multi-tasking machine tool of ram-
head type. However, a proper dynamic stiffness definition, effects and benefits 
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have not been thoroughly determined and investigated yet in micro cutting in 
particular. Therefore, in this chapter great efforts have been made to investigate 
the dynamic stiffness in terms of its existences, definitions, characteristics, 
effects and consequent benefits of study. 
 
 
Figure 4.1 The schematic illustrating the dynamic stiffness conception in 
ultraprecision diamond turning  
 
The conception of dynamic stiffness in ultraprecision diamond turning is 
illustrated in Figure 4.1. The diamond turning machine uses linear motors direct 
drive for rendering high precision translational motions. The carriage slideways 
are supported by aerostatic bearings, which are free from contact friction. 
Consequently, the dynamic displacements of cutting tool are heavily dominated 
by dynamic cutting forces during the cutting process. The dynamic stiffness can 
then be formulated based on the dynamic cutting force against the dynamic 
displacements but in a truly different dynamic manner.         
In order to investigate the dynamic stiffness of the dynamic cutting process, and 
its influences on the cutting performances in the ultra-precision diamond 
turning, two cutting methods included normal cutting and cutting with 
compensated hysteresis module for three case studies on micro-featured slots 
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were proposed, performed and compared. The interested outcomes of 
dynamics stiffness are analysed based on the definitions, characteristics, 
effects on machining performances especially on micro slot accuracies and 
burrs formation. In addition, the benefits of control and optimisation of the 
characteristic movements of cutting tool and consequent dynamic stiffness are 
analysed.  
 
4.2 Experimental cutting setups and trials  
 
In order to implement the three differences of micro-featured slots, one micro 
triangle slot (V-shaped slot) and two squared slots with different cutting 
conditions as the three case studies by experiment-based investigation, the 
ultraprecision machining utilising single point diamond turning (SPDT) equipped 
with a fast tool servo (FTS) were conducted. The fabrication of each micro-
featured slot was designed the cutting time as equal to 20 seconds. The single 
crystal diamond tool with edge and nose radius is 82.40 nm and 0.302 mm, 
respectively, which was observed by scanning electron microscope (SEM) as 
shown in Figure 4.2 is used. A Kistler Type 9256C2 three-component force 
mini-dynamometer was installed underneath the tool holder in order to measure 
the cutting forces in three directions. The Micro-epsilon type S600-1 capacitive 
sensor was also installed inside the FTS to measure the characteristic 
movements of dynamic cutting tool. The ZYGO NewView 5000 white light 
interferometer was used for micro slots accuracy monitoring and measurement. 
Meanwhile, the microscope Axio Scope.A1 was used in burrs formation 
monitoring. The real-time of dynamic cutting forces and cutting tool movements 
for both normal and hysteresis compensated cutting of micro-featuring slots 
were collected through the data acquisition (DAQ) card associated with Labview 
programming. 
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Figure 4.2 The used diamond tool with the tool edge and nose radius of 82.40 
nm and 0.302 mm respectively: built up edges, cracks and defects observed: 
(a) magnification of 80k, (b) magnification of 5k, (c) diamond cutting and tool 
shank 
 
The experimental investigation was setup and implemented the three cases 
study of micro-featured slots cutting. The two cases study were square and 
triangle slots which different dimensions and cutting conditions as illustrated in 
Figure 4.3, a and b, respectively.  
 
The dimensions and specifications of the first two cases of micro-squared slots 
have performed by FTS with amplitude (A) 10 µm (pulsed DC input voltages to 
the FTS) and cycle time (CT) 4 seconds as shown in Figure 4.3 (a). Both of 
them were machined by conducting CNC programming with different cutting 
conditions as following described. The first case study (case 1) was performed 
without depth of cut (0 DOC), feed rate (Fr) 15 mm/min., and rotational speed 
(a) (b) 
(c) 
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600 RPM (10 Hz), respectively. Meanwhile, the second case study (case 2) was 
performed with DOC 5 µm, Fr 12 mm/min, and rotational speed 600 RPM, 
respectively. The micro-triangle slot (V-shaped slot) as the third case study 
(case 3) was performed by FTS with A 10 µm and CT 2 seconds as illustrated in 
Figure 4.3 (b). The cutting conditions conducted on case three by CNC 
machining as equal to DOC 3 µm, Fr 12 mm/min, and rotational speed 600 
RPM, respectively. The details of experimental planning can be found in section 
3.2.1.   
 
 
(a) 
 
(b) 
Figure 4.3 The micro slots: (a) the first two cases study (case 1, 2) of micro-
squared slots, and (b) the third case study (case 3) of micro-triangle slot  
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4.3 Dynamic stiffness in ultra-precision diamond turning 
 
As dynamic stiffness existing in dynamic cutting processes, it can influence the 
cutting performances, and consequently it should be taken in consideration in 
ultraprecision and micro machining particularly at an industrial scale. In this 
research, therefore, dynamic stiffness is verified in implementations of the three 
cases study of micro-featured slots by the diamond turning. The real time 
dynamic cutting forces and characteristic movements of dynamic displacements 
were collected. Consequently, applied a simply and fundamentally theoretical 
formulation of dynamic stiffness as proposed which is the dynamic cutting 
forces divided by dynamic displacements of cutting tool movements during 
cutting process (N/µm). Thus, the calculated dynamic stiffness could then be 
obtained for the whole period of machining process of each micro-featured slot. 
Figures 4.4 to 4.6 illustrated the dynamic stiffness of three cases study of micro-
featured slots by employed the normal cutting. 
 
 
Figure 4.4 The dynamic stiffness (top-left), tool movement (bottom-left), cutting 
force (top-right) and displacement (bottom-right) of the normal cutting on square 
slot of the first case study 
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Figure 4.5 The dynamic stiffness (top-left), tool movement (bottom-left), cutting 
force (top-right) and displacement (bottom-right) of the normal cutting on square 
slot of the second case study 
 
 
Figure 4.6 The dynamic stiffness (top-left), tool movement (bottom-left), cutting 
force (top-right) and displacement (bottom-right) of the normal cutting on 
triangle slot of the third case study 
 
As seen from Figures 4.4 to 4.6, the characteristics and variances of dynamic 
stiffness for the whole cutting period of micro-featured slots can be observed. 
Dynamic stiffness is always changing and varying due to cyclic dynamic 
changes of the cutting force and dynamic displacements, it can be assumed 
that the dynamic stiffness exists and not totally equal to the static stiffness. This 
result is agreed well as the research proposed. Thus, based on the 
experimental outcomes, the definition and formulation of dynamic stiffness 
could be established according to the divided product of dynamic excitation 
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loads by dynamic displacements for any specific cutting time. This research 
finding of formulation can be simply modelled as following equation:  
 
     
   
  
                                                      (4.1) 
 
Where      is dynamic stiffness,      is dynamic cutting force, and     is 
dynamic displacement, respectively for any specific cutting time.  
 
The micro-featured slots of three cases study can be observed from Figures 4.7 
to 4.9.  
 
 
Figure 4.7 The micro-squared slot of cutting experiment in case 1 
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Figure 4.8 The micro-squared slot of cutting experiment in case 2 
 
Figure 4.9 The micro-triangle slot of cutting experiment in case 3 
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4.4 Dynamic stiffness effects and control strategies 
 
It is presented that the dynamic stiffness exists and its characteristics are not 
similar to the static stiffness. Thus, it should effect the cutting process which 
accordantly total differ from the static stiffness effects. In this section, the 
exploration and investigation of dynamic stiffness effects are performed. As 
observations from previous experimental results, the excessive dynamic 
stiffness possibly effects on the micro slots accuracy and burrs formation. In 
other words, an excessive dynamic stiffness can cause the huge micro-squared 
and triangle slot dimensional errors and burrs formation. However, less stiffness 
may affect to machine system and easily being destroyed by dynamic excitation 
loads (Cheng, 2009; Merritt, 1965; Hale, 1999; Ramesh, et al., 2000). 
Therefore, if the dynamic stiffness can be well-controlled and optimised, it might 
be able to control and minimise the micro slot dimensional errors and burrs 
formation. Consequently, the hysteresis compensation module is proposed as 
the controllable method to control, optimise and minimise the errors of dynamic 
movements of diamond tool and consequent the dynamic stiffness. 
 
The theoretical background of the hysteresis compensation module is 
presented in Figure 4.10 (Lin & Chen, 2012 ; Cuttino, et al., 1999; Panusittikorn, 
2010). The inherent behaviours of hysteresis of piezoelectric actuator are 
characterised as always nonlinear and consequently never have the same 
trends on both charging and discharging of input voltage. Thus, the controllable 
method is proposed to compensate these hysteresis behaviours based on using 
the K-compensator (Kcomp). The theoretical basis of the controllable method is 
that the Kactual describes a nonlinearity imposed by the piezoelectric actuator 
while the Kdesired is what characteristics of the actuator are needed for both the 
charging and discharging input voltages to be the same. Thus, the so called K-
compensater (Kcomp) is applied and modeled as a fixed gain for the linear 
behaviors of the actuator at any specific time. Kcomp can then be modeled and 
formulated for any specific time of charging or discharging as following 
equation:  
 
      
        
       
                             (4.2) 
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Figure 4.10 The schematic algorithm of hysteresis compensated module and its 
favourable outcome 
 
In order to improve the characteristic movements of the dynamic cutting tool, 
minimise cutting forces, optimise dynamic stiffness, and consequently gain 
benefits of the minimisation of micro slots error and burrs formation, the 
hysteresis compensated module was employed in single point diamond turning 
(SPDT) to machine the micro-featured slots. The results indicate that there are 
obviously different characteristics of dynamic stiffness, cutting forces, tool 
movements, and displacements when compared with the normal cutting. On the 
other hand, dynamic cutting forces and excessive dynamic movements of 
cutting tool, which mainly result in the dynamic changing of cutting tool 
displacements, are much reduced when employed hysteresis compensation 
module in cutting process. Thus, the excessive movements and dynamic 
displacements are much improved (Figures 4.11 to 4.13); subsequently 
dynamic stiffness could be well-controlled and optimised. Therefore, burrs 
formation and micro slot dimensional errors are improved and minimised 
accordingly.  
 
4.5 Dynamic stiffness and its characteristic results by hysteresis 
compensated cutting  
 
As observed from Figures 4.11 to 4.13, the dynamic cutting forces and their 
characteristics are decreased when hysteresis compensated cutting is taken 
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place. The second issue is dynamic movements of cutting tool can be well-
controlled during the whole period of cutting process. Therefore, the calculated 
dynamic stiffness would then be controlled, optimised and consequent huge 
reduced. Finally, the improvements of micro slot errors and micro burrs can 
then be distinctly observed when compared to the normal cutting.   
 
 
Figure 4.11 The dynamic stiffness (top-left), tool movement (bottom-left), cutting 
force (top-right) and displacement (bottom-right) of the hysteresis compensated 
cutting on square slot of the first case study 
 
 
Figure 4.12 The dynamic stiffness (top-left), tool movement (bottom-left), cutting 
force (top-right) and displacement (bottom-right) of the hysteresis compensated 
cutting on square slot of the second case study 
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Figure 4.13 The dynamic stiffness (top-left), tool movement (bottom-left), cutting 
force (top-right) and displacement (bottom-right) of the hysteresis compensated 
cutting on triangle slot of the third case study 
 
4.6 Comparison results of normal and hysteresis compensated cutting  
 
This section conducts the comparisons of normal and hysteresis compensated 
cutting of three case studies of micro-featured slots. The results indicate that 
the improvements of micro slots accuracy and reductions of micro burrs 
formation when the hysteresis compensated cutting is employed. 
 
4.6.1 Micro slots accuracy 
 
Figures 4.14 and 4.15 compare the slot measurements of both normal and 
hysteresis compensated cutting of micro-squared slot as the first case study. It 
is noted that the desired dimensions of micro-squared slot i.e., the amplitude 
(peak to valley) and slot width are equal to 10 µm and 500 µm, respectively. 
The amplitude resulted from control of cutting tool movements by input the 
desired voltage to the FTS. Meanwhile, the slot width of micro-squared slot of 
the first case study is calculated based on cutting conditions which uses a half 
cycle time and feed rate as equal to 2 seconds and 15 mm/min, respectively.   
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Figure 4.14 Micro-squared slot measurements of the first case study by the 
normal cutting; top: peak to valley 10.61 µm, bottom: slot width 548 µm. 
 
 
Figure 4.15 Micro-squared slot measurements of the first case study by the 
hysteresis compensated cutting; top: peak to valley 10.01 µm, bottom: slot width 
497 µm. 
 
Figures 4.16 and 4.17 compare the slot measurements of both normal and 
hysteresis compensated cutting of micro-squared slot as the second case 
study. The desired dimensions of micro-squared slot i.e., the amplitude (peak to 
valley) and slot width are equal to 10 µm and 400 µm, respectively. As with 
previous calculations, the amplitude and slot width of the second case study are 
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calculated based on the same principle of the first case study, but only different 
in feed rate as equal to 12 mm/min. 
 
 
Figure 4.16 Micro-squared slot measurements of the second case study by the 
normal cutting; top: peak to valley 11.5 µm, bottom: slot width 414 µm. 
 
 
Figure 4.17 Micro-squared slot measurements of the second case study by the 
hysteresis compensated cutting; top: peak to valley 11.29 µm, bottom: slot width 
405 µm. 
 
Figures 4.18 and 4.19 compare the slot measurements of both normal and 
hysteresis compensated cutting of micro-triangle slot as the third case study. 
The desired dimensions of micro-triangle slot i.e., the amplitude (peak to valley) 
and slot width (peak to peak) are equal to 10 µm and 400 µm, respectively. The 
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amplitude and slot width of micro-triangle slot are calculated based on the same 
principle of micro-squired slot, but use different cutting conditions using a cycle 
time and feed rate equal to 2 seconds and 12 mm/min, respectively.  
 
 
Figure 4.18 Micro-triangle slot measurements of the third case study by the 
normal cutting; top: peak to valley 9.33 µm, bottom: peak to peak 419 µm. 
 
 
Figure 4.19 Micro-triangle slot measurements of the third case study by the 
hysteresis compensated cutting; top: peak to valley 9.95 µm, bottom: peak to 
peak 394 µm. 
 
These results show a significant improvement on accuracies and dimensions of 
both micro-squared and triangle slots when the hysteresis compensation 
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module is employed in the cutting process as observed in Figures 4.15, 4.17 
and 4.19.  
 
4.6.2 Burrs formation 
 
The burrs formation is another issue which is caused by dynamic stiffness. 
Although burrs formation is generally dominated by the worn cutting tool which 
was used in the experiments, it also occurs on the machined surface areas with 
high dynamic stiffness in particular at peaks and valleys of the micro-squared 
and triangle slots. The micro burrs of three cases studies of micro square and 
V-shaped slots in comparison of both normal and hysteresis compensated 
cutting were observed by the microscope Axio Scope.A1 and measured with the 
microscope scale. The results show that the burrs are influenced by high 
dynamic stiffness at peaks or valleys areas in particular, also dominated by the 
cutting tool at any tool marks. Thus, once the hysteresis compensated module 
is employed, burrs formation can be controlled and minimised as illustrated in 
Figures 4.21, 4.23, and 4.25.   
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Figure 4.20 The normal cutting of micro-squared slot of the first case study ((a) 
and (b) showing the different focuses due to the different heights of the 
machined surface) 
 
 
 
 
(a) 
(b) 
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Figure 4.21 The hysteresis compensated cutting of micro-squared slot of the 
first case study ((a) and (b) showing the different focuses due to the different 
heights of the machined surface) 
 
(a) 
(b) 
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Figure 4.22 The normal cutting of micro-squared slot of the second case study 
((a) and (b) showing the different focuses due to the different heights of the 
machined surface) 
 
 
(a) 
(b) 
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Figure 4.23 The hysteresis compensated cutting of micro-squared slot of the 
second case study ((a) and (b) showing the different focuses due to the different 
heights of the machined surface) 
 
(a) 
(b) 
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Figure 4.24 The normal cutting of micro-triangle slot (V-shaped slot) of the third 
case study 
 
 
Figure 4.25 The hysteresis compensated cutting of micro-triangle slot (V-
shaped slot) of the third case study 
 
4.7 Discussion of experimental results 
 
This chapter describes the sets of experimental cutting on three case studies of 
micro-featured slots, implemented to define and investigate the dynamic 
stiffness and its effects in micro cutting. The ultimate outcome is syntax 
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confirmed and possible counter act each other that the micro-featured slot 
dimensional errors and burrs formation could be influenced by dynamic 
stiffness. Consequently, they can be minimised by well-controlled and optimised 
dynamic stiffness of cutting process. In other words, the smaller the dynamics 
stiffness, the higher slot accuracies and lesser burrs formation can be achieved. 
The discussions, conclusions, and further suggestions are given as followed. 
 
4.7.1 Micro slots accuracy 
 
(1) The dimensions of the micro slots conform well with the desired dimensions 
when the dynamic stiffness is controlled and optimised by the hysteresis 
compensated cutting as observed from case studies 1 and 3 in Figures 4.15 
and 4.19 as illustrated, respectively.   
(2) The micro slot errors for the second case study are difficult to control. In 
other words, the accurate amplitude of micro slots cannot be observed on 
both normal and even hysteresis compensated cutting as illustrated in 
Figures 4.16 and 4.17. As the second case study is carried out with the 
depth of cut of 5 µm by CNC programming, plus superimposed with another 
10 µm resulting from control of the cutting tool with the FTS in order to 
perform the amplitude and contours of micro-squared slot, this may cause 
the duplicated control of cutting tool movements and consequently the total 
machining errors for the whole cutting period. Therefore, consequently 
inaccurate amplitude of micro-featured slots is obtained for second case 
study. 
(3) Although micro-triangle slots of the third case study were machined by the 
depth of cut of 3 µm, and superimposed with another 10 µm by FTS as 
similar to the second case study, micro slots dimensions are still accurate 
and well-controlled. This may be caused by the peak and valley of triangle 
slots being too small an area which cannot be comparable to the peak and 
valley areas of square slots. Therefore, the total machining errors would not 
have too much affect to machining accuracies; consequently the hysteresis 
compensated cutting could help in improvements of the accuracy of micro-
triangle slots as observed in Figure 4.19. 
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4.7.2 Burrs formation 
 
(1) The burrs can be clearly observed through the lines on top of the peaks and 
valleys of square and triangle slots. In addition, burrs can be observed on 
areas of peak and valley of micro-featured slot which resulted from tool 
marks when machined with the normal cutting. The observations can be 
made for all cases study in Figures 4.20, 4.22 and 4.24, respectively.  
(2) Once hysteresis compensated cutting was employed, burrs were reduced on 
both the lines on top and areas of peak and valley of square and triangle 
slots as was observed from cases study 2 and 3 in Figures 4.23 and 4.25.  
(3) However, the different burrs formation between normal and hysteresis 
compensated cutting can be observed when conducted on the first case 
study as seen in Figures 4.20 and 4.21. This may be caused by the first 
case study, machined without depth of cut, consequently the surface, 
particularly at areas of peak and valley of micro-squared slot, were possibly 
not cut by the diamond tool. Thus, the burrs which were left by previous cuts 
remain on the machined surface. Subsequently, the hysteresis compensated 
cutting cannot help to minimise the burrs as observed in Figure 4.21. 
 
4.8 Conclusions 
 
The dynamic stiffness in the dynamic micro cutting process affects the cutting 
performances, particularly the machining accuracy and burrs formation. The 
dynamic stiffness is thus formulated and quantitatively analysed. The effects of 
dynamic stiffness i.e., micro slot errors and burrs formation can be minimised by 
the employed hysteresis compensated module to manipulate the dynamic 
movements of cutting tool and consequent control and optimisation of the 
dynamic stiffness. Finally, the improvements of machining accuracy and burrs 
formation can be achieved by benefits of study on dynamic stiffness.      
 
The worn cutting tool with built up edges, cracks and defects, which can cause 
the poor quality of machined surfaces and micro burrs on any tool marks, was 
used in this experimental investigation. This used cutting tool may result in 
influence on the quality of machined surface rather than dynamic stiffness 
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effects. Therefore, it is difficult to investigate how the dynamic stiffness 
influences the surface roughness by using worn cutting tools. Similarly, there is 
no clear evidence of the different qualities of machined surface between normal 
and hysteresis compensated cutting. Thus, in order to thoroughly investigate 
the machined surface quality of micro-featured slots in correlation to dynamic 
stiffness, an unworn diamond tool should be employed.   
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Chapter 5 Cutting force modelling using specific 
cutting forces and its implementation 
 
 
 
5.1 Introduction 
 
Cutting forces have always been used to analyse the cutting process behaviour 
and cutting performances including the cutting mechanics, chip formation, 
surface generation and the machined surface roughness, size effects and tool 
wear, since it can represent the complex cutting process behaviour collectively 
even with more than a dozen of process variables. Direct measurement using a 
dynamometer through real cutting trials is useful in evaluation and validation of 
the cutting forces modelling, robust cutting force models are essential in the 
cutting process optimization and control. The cutting forces in diamond turning 
play an important role in characterising the cutting mechanics and physics 
including chip formation, surface generation, and tool wear, which are similar to 
those aspects in conventional cutting namely but quite different in scale, i.e. 
normally 1000 times smaller but at the 0.1-1 N scale (Lee & Cheung, 2003), and 
the consequent micro cutting mechanics and physics.  
 
In recent years, a number of researchers have been working on cutting force 
modelling for diamond turning in particular. Table 5.1 lists the proposed cutting 
force models and their respective characteristics. However, these models 
highlighted in Table 5.1 are formulated through approaches aiming at the 
absolute value of cutting forces and the associated quantitative analysis, which 
is same as the modelling approach employed in conventional metal cutting. This 
obviously causes the problem of low accuracy and difficultly measuring the 
cutting forces encountered in ultraprecision and micro cutting processes. 
 
The micro cutting force model, due to the ploughing forces in micro cutting 
processes cannot be fully represented in the macro cutting model. In addition, 
the dynamic component effects on the cutting process have not been 
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thoroughly investigated yet (Chae, et al., 2006). The specific cutting force has 
been used by a few studies in investigating the micro cutting phenomena, for 
instance, Kim et al (Kim & Kim, 1995) analysed the effect of negative rake angle 
of the rounded edge of the tool, and the friction due to the elastic recovery of 
the workpiece at the clearance face. Their analysis compared the cutting force 
per unit width (N/mm) of two orthogonal micro cutting models. However, it has 
not been used for investigating the micro cutting mechanisms generically.  
 
Currently, ultraprecision and micro cutting using diamond tools is becoming 
increasingly one of determinant micro manufacturing technologies at an 
industrial scale, e.g. applied in machining i-Phone frames, vary focus glasses, 
and silicon-based infrared devices, etc. The accurate and robust cutting force 
modelling is needed for predicting, analysing and better understanding of 
ultraprecision and micro cutting processes. A novel approach to cutting forces 
modelling is essential for coping with the new industrial requirements on 
productivity, industrial volume and quality. The modelling approach should have 
the underlying significance for the process optimization and optimal design of 
cutting tools against the tool wear and tool life, and for future ultraprecision and 
micro cutting processes.  
 
In this research, an innovative cutting force modelling approach is proposed for 
ultraprecision and micro cutting based on the specific cutting force at the unit 
length or area and the cutting force analysis against a short dynamic interval of 
cutting time. The specific cutting forces at the unit length or area is called the 
amplitude aspect of the model formulation, while the forces analysis against a 
short cutting time interval is called the spatial aspect of the formulation. The 
micro cutting mechanics and physics especially chip formation and size-effects 
were analysed and interpreted by the modelling amplitude aspect. The spatial 
aspect analysis on tool wear monitoring in single point diamond turning (SPDT) 
was carried out using wavelet transform technique associated with standard 
deviation analysis. The proposed cutting force modelling approach can likely be 
used for investigating the future micro cutting mechanics and physics at 0.1-1N 
scale of micro cutting forces and beyond. 
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Table 5.1 Summary of the cutting force models for diamond turning and micro cutting as developed in recent years 
 
Methodology Author Cutting force modelling Benefits Correlation 
analysis with 
tool wear 
Methodology analysis remarks 
Experimental 
based 
Lee (Lee, et al., 2002) microplasticity model predicted the pattern of cyclic variation of 
cutting forces in diamond face turning 
Not included  Power spectrum analysis  
 Moriwaki (Moriwaki, 
1989) 
cutting force model Determined relationship between the 
principle force and thrust force varied with 
very small depth of cuts  
Not included Experimental measurements data 
discussions  
 
 Drescher (Drescher & 
Dow, 1990) 
A quantitative model relationship between 
tool edge sharpness and tool forces. 
predicted the diamond tool edge condition 
from tool forces during a turning operation 
 Experimental measurements the 
absolute forces 
 
 Scheffer (Scheffer & 
Heyns, 2001) 
time-series model coefficients (based on 
data collection of 3 directions signals: X- 
feed force, Y- thrust force, and Z- 
Acceleration signal)  
tool condition monitoring (TCM) 
 
 
 Correlation coefficient approach 
(based WPD analysis) & The self-
organising map (SOM) 
 
 Fang (Fang, et al., 
2012) 
Correlation of tool-edge wear with the 
cutting forces and vibrations model 
 
detected the tool-edge wear  wavelet packet transform 
 
high-speed turning 
(diamond turning 
not included) 
 Dornfeld (Dornfeld, 
1990) 
multilayered perceptron type neural 
network model (based on raw signals 
from the AE, force, and the current 
sensors) 
on-line tool wear monitoring 
system 
 
 multichannel 
autoregressive (AR) & artificial neural 
network 
 
 
Numerical based 
(FEA) 
Lo-A-Foe (Lo-A-Foe, et 
al., 1988) 
the forces relationship numerical model estimated the surface roughness of SPDT Not included Cutting experiments to evaluate the 
model 
 
 John (III & 
Strenkowski, 1988) 
FE-based cutting process model determined the detailed stress and strain 
fields, chip geometry and tool forces  
Not included Lagrangian  model & Eulerian model 
(based FEA) 
 
 Ravindra (Ravindra, et 
al., 1993) 
mathematical models: wear-time and 
wear-force relationships 
Estimated progressive tool wear-force 
relationships 
 Multiple regression analysis & cutting 
experiments validation 
diamond tool not 
included  
Mechanics based  Kim et al (Kim & Kim, 
1995) 
two orthogonal micro-cutting models 
comparison (based on cutting force, thrust 
force) 
Determined 2 factors (elastic recovery & tool 
edge radius) which effect on micro-cutting 
with under 1 µm (or less) depth of cut 
Not included Comparison between simulation 
results: cutting/thrust force per unit 
width (N/mm) & specific cutting/thrust 
force (N/mm
2
) and the experimental 
results of the others 
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5.2 An innovative cutting force modelling approach 
 
The micro cutting forces are usually quite small down to 0.1-1N scale and have 
different cutting mechanisms when compared with those in conventional cutting. 
Consequently, there is the difficulty and low accuracy in representing the micro 
cutting mechanics, such as the chip formation, size effect and tool wear 
mechanism, etc, by using conventional cutting force models. Therefore, the 
innovative cutting force modelling is proposed instead of using the absolute 
micro cutting forces, which can provide an insightful quantitative analysis on the 
micro cutting mechanics especially in SPDT operations. This modelling 
approach is represented using two aspects of modelling formulation as follows:   
 
       {
 
  
 
 
  
                                    
∫    
   
   
                                   
                       (5.1) 
 
The amplitude aspect of the formulation is the specific cutting force at the 
cutting edge, i.e., cutting force against the unit length or area where the cutting 
tool and the workpiece engaged each other; while the spatial aspect of the 
formulation represents the dynamic analysis of the cutting force against the 
varied instant cutting time interval but in a cyclic frequency domain. The two 
aspects are taken into account simultaneously but assessed respectively 
against axiomatic principles of mechanics and dynamics.  
 
5.2.1 Amplitude aspect of the modelling formulation 
 
The amplitude aspect of the formulation presents the specific cutting force 
defined as the cutting force at the unit cutting area or length. In order to obtain 
tool-chip contact length, the theoretical cross section of chip in conventional 
diamond fly cutting is adopted as illustrated in Figure 5.1. Moriwaki (Moriwaki, 
1989) expressed the length of the cutting edge contact with the workpiece in 
diamond turning as: 
 
         
     
 
      
 
  
                          (5.2) 
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Where R is the tool noise radius (mm), t is nominal depth of cut (µm), and f is 
feed rate (mm/rev) respectively. The specific cutting area (A) can be obtained 
as     (mm2). Therefore, the specific cutting force at the unit cutting area or 
cutting contact length can be formulated as: 
 
     
 
  
      
 
  
                    (5.3) 
 
Where      is specific cutting force at the unit cutting area (N/mm
2),      is 
specific cutting force at the unit cutting contact length (N/mm), and F is cutting 
force (N) respectively. The analysis on amplitude aspect of the cutting force 
modelling approach can provide a better insight to the micro cutting mechanics 
especially linked to the chip formation and size effect.  
 
 
Figure 5.1 Illustration of theoretical cross section of the chip 
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5.2.2 Spatial aspect of the modelling formulation 
 
The variation of the cutting force against a short cutting time interval in a 
dynamic cyclic frequency domain is considered as a spatial aspect of the 
modelling formulation. It may imply significant information about the dynamic 
cutting process and its dynamic effects on tool-workpiece interface. For 
instance, although the cyclic dynamic changes of the cutting force are minimal 
using the amplitude scale, their changing frequencies and orientations can be 
studied against the instant cutting time intervals, i.e. in a dynamic cyclic manner. 
This can cause dynamic cyclic stress at the tool-workpiece interface and 
consequent fatigue, which leads to the tool wear even in diamond cutting tools   
through the tool-workpiece interface. Therefore, the spatial aspect of the 
formulation can be used for correlation analysis with  the tool wear particularly 
in ultraprecision and micro cutting processes where the dynamic micro cutting 
force plays a critical role in causing the diamond tool wear. By monitoring and 
understanding the spatial aspect of the cutting force modelling formulation will 
provide the industrially-feasible means to measure and monitor the tool wear in 
process, which is increasingly important in ultraprecision and micro machining 
at an industrial scale.   
 
5.3 Experimental and cutting trials setup 
 
The cutting experiments were conducted using the diamond turning test rig as 
shown in Figure 5.2. The cutting was setup to be six face turning operations 
repeated on each material including single-crystal silicon, titanium Ti-6Al-4V, 
and aluminium AA 6082-T6 with diameter and thickness equal to 60 and 10 
mm. respectively. The first cuts on each material was performed by a sharp 
cutting tool with the same cutting conditions as depth of cut (ap) 10 µm, constant 
surface speed (Vc) 100 m/min., and feed rate (f) 5 mm/min. respectively. The 
feed and cutting forces were recorded by Labview data acquisition through the 
NI DAQ 9234 card. The sampling frequency was set as 4,000 Hz to observe the 
frequency range of 0 to 2,000 Hz. The details of experimental planning can be 
found in section 3.2.2.  
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Figure 5.2 Schematic of diamond turning test rig equipped with the fast tool 
servo (FTS) 
 
5.4 Amplitude aspect applied to micro cutting mechanics  
 
5.4.1 Interpretation of chip formation mechanism 
 
Since the absolute cutting force is very small, reported as 0.1-1 N at micro 
cutting scales, it cannot be reasonably interpreted, how these very small forces 
can be used to split the workpiece material in a chip formation mechanism. 
Thus, amplitude aspect of the formulation using the specific cutting force at the 
unit cutting area is then proposed for better interpretations of the micro cutting 
mechanics phenomena e.g. chip formation instead of using absolute forces. In 
order to determine specific cutting force as proposed in eq. 3, the tool-chip 
contact length and cutting area is required to calculate by determining important 
parameters as described below. 
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Figure 5.3 Trends of feed forces in cutting single crystal silicon from the first to 
sixth cut 
 
The tool noise radius was measured by the Tesa-Scope profile projectors which 
equal to 0.385 mm. The depth of cut, constant surface speed, and feed rate in 
the real experiment were equal to 10 µm, 100 m/min, and 5 mm/min 
respectively. The silicon workpiece diameter is 60 mm. Thus, the feed per 
revolution can be approximated as equal to 0.01 mm/rev. Accordingly, contact 
length and cutting area can then be calculated as about 93 µm and 930 µm2, 
respectively. 
 
Due to the cutting process at very small cutting scales, the sufficiently specific 
force is needed until the chip can be formed and separated away from the 
workpiece. Thus, a material property is needed in order to be used as an 
identified criterion in comparison to this calculated specific cutting force. 
Consequently, In order to know how much specific force would be for 
separating chips, the ultimate strength property is selected in comparing to 
specific cutting force at the unit area (    ). 
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The cutting process was mainly dominated by the feed force rather than cutting 
force in this experimental investigation. Thus, feed force is selected for using in 
calculation of specific cutting force as expressed in Equation 5.3. Moreover, In 
case of the lowest specific cutting force, it might occur in anywhere during 
cutting processes. Subsequently, in order to verify this lowest specific cutting 
force can overcome the ultimate strength of the selected material, the lowest of 
cutting force should be selected in specific cutting force calculation. Therefore, 
the lowest feed force at 35 seconds of the first cut on silicon is 1.30994 N (as 
shown in Figure 5.3) which is selected and used in this calculation to compare 
with the identified criteria. The specific cutting force at the unit area can then be 
calculated as: 
 
     
 
 
  
        
        
        N/mm2 or MPa 
 
The ultimate strength of silicon wafers tested by previous report (Rupnowski & 
Sopori, 2009) is 125 MPa. Consequently, It can be seen that the      is much 
larger than the ultimate strength of single crystal silicon. In the other words, this 
specific cutting force at the unit area easily overcomes the material Young’s 
modulus, and then chip can be easily formed.  
 
5.4.2 Interpretation of size-effect phenomenon  
 
Figure 5.4 illustrates the FE-based simulation being developed to validate the 
cutting experiments especially in interpreting the size effect by considering the 
cutting force against the cutting contact length which is equal to chamfer length. 
All the cutting conditions were set as similar to the experimental setup. In other 
words, the 2D FE model and simulation setups of depth of cut (ap) equal to 10 
µm, and cutting speed 1667 mm/sec in the cutting direction (Figure 5.4) which 
comparative to constant surface speed (Vc) 100 m/min of experimental setup. 
The chamfered tool was used in the FE model and simulation due to the 
simplest model being required, and also the complicated simulation procedure 
and consequent inaccurate model and simulation result is essentially avoided. 
The chamfer lengths at the tool tip varies with rake angles (α) were carried out 
in order to simulate and depict trends of cutting force and specific cutting force 
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at every steps time interval of 5.0 x 10-6 sec. for total simulation time of 10-4 sec. 
the details of physical properties of diamond tool and workpiece and constitutive 
material modelling of workpiece are given in table 5.2-3. The FE simulation 
details and procedures can be found in section 6.2.  
 
Table 5.2 Physical properties of AA6082-T6 and diamond tool 
 E(Gpa) ν c(J/kgºC)  (kg/m3) K(W/mºC) 
AA6082-T6 70 0.33 896 2,700 180 
Diamond tool 1,050 0.1 420 3,520 1,000 
 
Table 5.3 Johnson-cook constitutive material model parameters for AA6082-T6 
A B C n m   ̇       
403.57 306.56 0.00185 0.7769 1.73 0.00419 855 
 
The simulation outcomes are presented a significant analysis of micro cutting 
phenomena particularly in the size effect interpretation as illustrated in Figures 
5.5 and 5.6.  
 
Figure 5.4 Illustration of chamfer length against to rake angle variation on 
cutting aluminium AA6082-T6 by FE-based simulation 
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Figure 5.5 Simulation results on cutting aluminium AA6082-T6 show variation of 
cutting and specific cutting forces at different chamfer lengths of the tool tip with 
rake angle -5° and -7° for 10-4 seconds of simulation time interval 
 
As shown in Figure 5.5, the trends of cutting forces on both α = -5° and -7° 
seem similar to each other when conducting simulation by varying chamfer 
lengths from 1 to 2 µm. However, the increasing trends of specific cutting force 
were observed while reducing the chamfer lengths specially when applied α = -
7° (as seen in Figure 5.5: bottom-right). In order to more clearly depict these 
trends, the average cutting and specific cutting forces were performed as 
depicted in Figure 5.6. It is clearly seen that the cutting force at α = -7° trends to 
be decreasing when chamfer length is increasing while the cutting force at α = -
5° is stable along all chamfer lengths. Meanwhile, the specific cutting force on 
both rake angles dramatically increase especially for α = -7° when the reducing 
of chamfer length is applied. In other words, the cutting pressure and cutting 
force are increasing while the contact length is decreasing especially when 
more negative rake angle is employed. This is a corresponding correlation to 
the size effect in micro cutting.  
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Figure 5.6 The average cutting and specific cutting forces at different chamfer 
lengths compared between rake angles -5° and -7° 
 
The scientific investigations on size effect were proposed by numerous studies 
(Liu, 2005; Cheng & Huo, 2013; lkawa, et al., 1991; Dornfeld, et al., 2006; Ng, 
et al., 2006). They stated that when the tool edge radius is comparable to the 
undeformed chip thickness in micro cutting, the specific cutting energy (or 
specific cutting force) will be increasing nonlinearly as the undeformed chip 
thickness is decreased. Furthermore, the negative rake angle has significant 
effects on the size effect in specific cutting energy. In this study, if chamfer 
length is comparable to the undeformed chip thickness, the reducing chamfer 
length consequently leads to higher specific cutting force as theoretically 
aforementioned. The negative rake angle in this simulation outcome also has 
influences on size effect that; the more negative rake angle applied, the higher 
specific cutting force and energy dominate the cutting process as illustrated in 
Figure 5.6. This may be claimed that the amplitude aspect of the model 
formulation using specific cutting force at the unit contact length can interpret 
size effect in micro cutting better than using only absolute cutting force. Finally, 
the comparison of experimental cutting and FE-based simulation validation has 
also been performed to show that the simulation is in agreement with the cutting 
trials as illustrated in Figure 5.7.  
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Figure 5.7 The experimental cutting and FE-based simulation validation of 
diamond cutting on aluminium AA6082-T6 
 
5.5 Spatial aspect applied to correlation analysis with tool wear  
   
The application case study in correlation to tool wear monitoring and analysis 
can be conducted according to the spatial aspect using the dynamic analysis of 
the cutting force against the varied instant cutting time interval. This analysis 
was implemented by the wavelet transform techniques in correlation to standard 
deviation analysis which can possibly detect the status and feature of tool wear. 
Firstly, the Daubechies wavelets (dbN) are basically suitable for detecting 
abruptly changing frequency in a signal. The higher order N of the wavelet, the 
more complicated signal processing is required (Wang, et al., 1998). Thus, the 
db3 was selected and used for analysing the wavelet coefficients and 
consequently theirs standard deviation of feed and cutting force signals of 
cutting single crystal silicon. The standard deviation of raw signal (S) and the 
different wavelet coefficients included its low frequency component or 
approximation (A1), and high frequency components or details at level 1 (D1) to 
level 4 (D4) were implemented. These approximation coefficients at level 1 (A1) 
and detail coefficients at level 1 (D1) to level 4 (D4) were extracted through 
Labview programming. Figure 5.8 shows the standard deviation of raw signal 
and its different wavelet coefficients at level 1-4 of feed and cutting forces, 
respectively.     
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Figure 5.8 Standard deviation of raw signals of feed (a: top) and cutting (b: 
bottom) forces, and theirs decomposition at different wavelet coefficients 
 
As shown in Figure 5.8, the shapes of D1 (Figure 5.8.a) and A1 (Figure 5.8.b) 
are the most similar trends to their raw signals (S) namely feed force (Figure 
5.8.a) and cutting force (Figure 5.8.b), respectively. Thus, the D1 of feed force 
and A1 of cutting force are selected to further investigate how these 
components significantly affect the cutting process outcomes and the 
corresponding tool wear. Accordingly, the force signals acquisited are analysed 
by decomposing the approximation coefficient (A1) of cutting force and detail 
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coefficient (D1) of feed force for the first cut to last cut (sixth cut) on silicon 
wafer with new tool as illustrated in Figure 5.9.  
 
As shown in Figure 5.9, the amplitude of wavelet coefficients at D1 of feed force 
is dramatically increased until the third cut (about 1.8 to 7) which caused by 
higher frequency bands at higher levels (Wang, et al., 1998), then slightly 
increased from the third to the last cut (about 7 to 9). Meanwhile, the amplitude 
of wavelet coefficients at A1 of cutting force is slightly increased from the first to 
last cut, or even quite similar level at some cuts. Therefore, it can be assumed 
that the feed force mainly dominates the cutting process outcomes and 
subsequent cutting tool wear rather than the cutting force. Consequently, tool 
wear can be caused by feed force since the first cut is taken. SEM micrographs 
are also taken after the last cut in order to validate tool wear observations. In 
agreement with the results, the micro-fracture and the flank wear in the feed 
direction are observed while there is no crater wear in cutting force direction as 
shown in Figure 5.10. Thus, it may be claimed that the diamond tool wear is 
mainly caused by feed force in feed direction when cutting on single crystal 
silicon with the cutting conditions as aforementioned setup.        
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Figure 5.9 Computation of wavelet coefficients at D1 of feed force, and A1 of 
cutting force respectively from 1st to 6th cut (top to bottom) of diamond turning 
on single crystal silicon within 1 min (60 data points) 
 
Further investigations on micro cutting of titanium Ti-6Al-4V and aluminium 
AA6082-T6 have been conducted to compare with cutting silicon, this 
investigates how the forces react relative to tool wear. Thus, the feature 
extraction and analysis of the high frequency component or the detail 
coefficients of both feed and cutting forces of titanium and aluminum cutting 
were conducted. Clarifying the cutting force signal with the increasing wavelet 
levels, is easier for detecting tool failure from signal analysis (Kwak, 2006). 
Therefore, the selection of detail coefficients at level 4 (D4) was performed in 
this investigation due to its highest wavelet level in this case study. Thus, the 
standard deviation of feed and cutting force signals decomposition through the 
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detail coefficients at level 4 (D4) of cutting Ti and Al with a new tool were carried 
out. 
 
 
Figure 5.10 SEM photographs of the cutting edge taken after the sixth cut 
 
It is observed that there are small changing trends of standard deviation on both 
feed and cutting forces of Ti and Al. It is slightly increased by 0.01 on both of 
them for all cuts as illustrated in Figure 5.11. Thus, it may imply that there is no 
significant effects on the tool wear. Correspondingly, no wear was observed 
after the sixth cut on both Ti and Al confirmed by SEM observation. 
Furthermore, the standard deviation of cutting force on Al is higher than radial 
force for all cuts. This may cause crater wear rather than flank wear if longer 
cutting distances (or cutting time) are sufficiently taken for tool wear to occur. 
Meanwhile, standard deviations on both feed and cutting forces have almost the 
same trends when cutting of Ti. Thus, it might be assumed that the flank and 
crater wear have equal possibility to occur when approaching the minimum 
number of cuts which are required for tool wear. In addition, It might be noted 
that the possibility of reaching a tool wear state when cutting titanium is faster 
than aluminium due to Ti cutting having higher standard deviation than Al 
cutting on both feed and cutting forces.      
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Figure 5.11 Standard deviation of magnitude on decomposed signals of feed 
and cutting forces of Ti-6Al-4V (a) and AA6082-T6 (b) cutting 
 
5.6 Conclusions 
 
An innovative cutting force modelling approach is proposed based on the 
amplitude and spatial aspects of cutting forces formulation, so as to better 
interpret the micro cutting mechanics and physics including chip formation, size 
effect, surface generation and tool wear in single point diamond turning. The 
amplitude aspect of the modelling formulation is defined as the cutting force at 
the unit area or contact length. The micro cutting phenomena especially on chip 
formation and size effect can be better interpreted by using the amplitude 
aspect. The spatial aspect is analysed as the cutting force at a short cutting 
time interval, which can provide a better insight into the dynamic variation of 
cutting forces and its correlation to tool wear. The application of spatial aspect 
on the tool wear detection is carried out by using WT techniques correlated with 
standard deviation analysis. The analysis on standard deviation of feed and 
cutting force signals decomposition is capable for detecting tool wear in process 
and being useful in classifying the tool wear. The cutting force modelling 
approach as a whole can be used as a powerful means to investigate future 
ultraprecision and micro cutting processes in the industrial scale. 
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Chapter 6 Partitioned distribution of cutting 
heat/temperature in micro cutting 
 
 
 
6.1 Introduction 
 
Cutting temperature in micro cutting can play a significant role in the machining 
performance particularly on tool wear, surface generation and integrity, and 
machining accuracy (Kim, et al., 2012). Even when only small amounts of heat 
in micro cutting can occur, it should not be neglected because the temperature 
is comparably high in the small cutting zone, area or volume. Many works have 
attempted to study the effects of the cutting temperature on the micro cutting 
processes including the tool wear, quality of machined surfaces, and machining 
accuracy. For instance, lkawa et al (lkawa, et al., 1991) stated that even a small 
increment of cutting temperature can cause an expansion of the tool shank and 
in turn, deterioration of the machining accuracy. Furthermore, it governs the 
wear rate of a diamond tool which is fatal to the machined surface roughness. 
Kim et al (Kim, et al., 2012) proposed that the quality of micro cutting features 
can be maintained by reducing the tool wear and generation of cutting heat in 
the micro cutting process under various cutting lubrication conditions. Moriwaki 
et al (Moriwaki, et al., 1990) stated that the machining error by the cutting heat 
is not negligible even in micro diamond cutting based on their experimental and 
theoretical analyses of the thermal deformation of the cutting tool and workpiece 
as a result of the cutting heat. Chen et al (Chen, et al., 2013) studied a set of 
micro cutting experiments by measuring the cutting temperature in the micro 
cutting process with a fast-response high accuracy thermocouple supported 
with FE modelling and simulation validation. They also claimed that the effect of 
heat generation needs to be addressed especially when high machining 
accuracy is required. Therefore, it is essential to obtain a scientific 
understanding of the effects of micro cutting temperature on a quantitative 
analysis basis. Especially because micro cutting heat partition distribution on 
diamond tool-workpiece-chip interface is currently not well-understood. This 
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study may interpret how the generated heat affects each component, e.g., tool, 
workpiece and chip respectively, in micro cutting and its consequent 
deterioration on these components. 
 
In this chapter, a quantitative investigation on cutting temperature and heat 
partitioned distribution in micro cutting particularly in proportion of the generated 
heat on the cutting tool, workpiece and chip is presented. The cutting 
temperature is measured by using a thermal imaging camera. The experimental 
investigations are conducted using three kinds of materials in comparison 
supported with the FE-based model and simulation. The chapter also 
extensively discusses the effects of cutting temperature on the tool wear, 
surface generation and machining accuracy. 
 
6.2 FE-based simulation on micro cutting temperature 
 
In recent years, modelling and simulation of micro cutting has been studied by 
many researchers. However, very few investigations have been carried out on 
the micro cutting temperature and heat generation which has different effects 
from those of conventional cutting. Moreover, the simulation study of micro 
cutting temperature is quite challenging because the meshing elements are 
badly distorted even when adaptive meshing is used during the simulation. The 
consequent errors with model definition always exists when solving the heat 
transfer equation. However, FE-based modelling and simulation is  needed due 
to the difficulty and complexity of the real micro machining in some cases. 
Consequently, accurate modelling needs to improve until inherent micro cutting 
mechanisms have been accurately modeled and simulated. Generation of micro 
cutting temperature in diamond turning is caused by very low temperature and 
generated heat, and, subsequently, thermal effects. Thus, there is a need to 
carefully study the modeling of micro cutting temperature in oder to accurately 
simulate the cutting temperature.    
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6.2.1 Material Constitutive modelling  
 
In order to model and characterise the cutting temperature in micro cutting, 
accurate material modelling is very important and represents the actual 
changes of physical propertires during machining. Thus, the Johnson-cook 
model is employed (Duan, et al., 2009; Liu & Melkote, 2007; Zong, et al., 2007). 
It is expressed as the flow stress which is a function of strain, strain rate and 
temperature in terms of the functional equation below.  
 
 ̅  [     ̅  ] [     (
 ̇
 ̇ 
)] [  (
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]                                             (6.1) 
 
Where  ̅ is the equivalent stress,  ̅ is the equivalent plastic strain,  ̇ is the plastic 
strain rate,   ̇ is the reference strain rate (1.0 s
-1),    is room temperature,       
is the melting temperature, A is the initial yield stress (MPa), B is the hardening 
modulus, n is the work-hardening exponent, C is the strain rate dependency 
coefficient (MPa), and m is the thermal softening coefficient. Physical properties 
and material constants of Johnson-cook model for diamond tool (Zong, et al., 
2007) and aluminium AA6082-T6 are presented in Table 6.1 and 6.2. (Özel & 
Karpat, 2007) 
 
Table 6.1 Physical properties of AA6082-T6 and diamond tool 
 E(Gpa) ν c(J/kgºC)  (kg/m3) K(W/mºC) 
AA6082-T6 70 0.33 896 2,700 180 
Diamond tool 1,050 0.1 420 3,520 1,000 
 
Where E is Young’s modulus, υ is Poisson’s ratio, c is specific heat,   is 
material density, and K is thermal conductivity respectively.  
 
Table 6.2 Johnson-cook constitutive material model parameters for AA6082-T6 
A B C n m   ̇       
403.57 306.56 0.00185 0.7769 1.73 0.00419 855 
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6.2.2 Modelling of the chip separation criteria 
 
In order to simulate the seperation of chip i.e., chip formation phenomenon, a 
dynamics failure model is also employed for the Johnson-cook model. The 
Johnson-cook damage parameter is based on the value of the equivalent plastic 
strain at element integration points. The failure is assumed to occur when the 
damage parameter D exceeds 1: 
 
  ∑(
  ̅  
 ̅ 
  )                                                                                                    (6.2) 
 
Where   ̅  is the increment of equivalent plastic strain,   ̅
  
 is the strain at failure 
which is assumed equal to  
 
  ̅
   [        (  
 
 
)] [      (
 ̇
  
  ̇
)] (    
    
        
)                             (6.3) 
 
Where d1-d5 are failure parameters namely including Initial failure strain, 
Exponential factor, Triaxiality factor, Strain rate factor, and Temperature factor 
respectively. The damage parameters for Johnson-cook model are presented in 
table 6.3 (Zhou, et al., 2013).  
 
Table 6.3 Johnson-cook failure model parameters for AA6082-T6 
d1 d2 d3 d4 d5 
0.0164 2.245 -2.798 0.007 3.658 
 
6.2.3 Conditional equation on heat and temperature distribution 
 
The temperature and heat distribution during the cutting process is modelled 
and simulated. The main sources of generated heat are the plastic work and the 
friction at the tool-chip interface which are converted into heat. A three-
dimensional thermal conduction analysis (Fang & Zeng, 2005; Mamalis, et al., 
2001; Marusich & Ortiz, 1995) is then developed and coupled into the cutting 
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model. Thus, the governing differential equation for thermal conduction is given 
by  
 
 [
   
   
 
   
   
 
   
   
]    [ 
  
  
  
  
  
  
  
  
]    ̇                                         (6.4) 
 
Where k is the thermal conductivity, ρ is the density, c is the specific heat, and 
  ̇  is the volumetric generation rate. During the cutting process, the heat 
generated from both plastic work and friction can be calculated by 
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∫   ̇   
 
                                                                        (6.5) 
 
Where  ̅ ̇  is the effective plastic strain rate,   is the friction stress,  ̇  is the 
tangential velocity component at the chip–tool interface, and V is the element 
volume.  
 
The same cutting conditions as the experimental setups as shown in the next 
section (section 6.3) are used. Thus, a comparison of FE-based simulation 
associated with cutting experimetal results  and discussions are given in 
sections 6.2.4 and 6.6 respectively.   
 
6.2.4 Simulation results 
 
The micro cutting temperature can be modeled with the Johnson-cook 
constitutive Material modeling as previously mentioned. In order to correct the 
cutting temperature results and avoid the distortion of mesh elements which 
causes errors whilst solving heat transfer equations in the simulation procedure, 
optimising the three main parameters that directly influence the cutting 
temperature is needed. The optimisation of three influencing parameters can be 
conducted by trial and error method. They particularly include friction coefficient 
(µ) between diamond tool and workpiece’s surfaces as being used under 
condition of the constant friction model (Tan, 2002) which was applied in this FE 
model and simulation, damage evolution (D) of material, and mesh sizes of tool 
(Mt) and workpiece (Mw). In the simulation process, the workpiece is divided as 
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a small strip at the interaction areas with the cutting tool tip so that chips can be 
formed. Thus, damage evolution will be D for the strip and the rest of the 
workpiece’s elements, i.e, Ds and Dw respectively. Finally, the optimum 
parameters for validation of  the cutting experimental results can be illustrated in 
Figure 6.1., and the simulation and experimental validation and comparison can 
also be found in section 6.6.    
  
 
Figure 6.1 The simulation results of micro cutting temperautre and generated 
heat illustatation by Abaqus/explicit (µ = 0.3) 
 
6.3 Experimental and measurement setup on cutting temperature and heat 
partitioned distribution  
 
The experiment setup shown in Figure 6.2 is used to cut three materials: 
titanium Ti-6Al-4V, aluminium AA6082-T6 and single crystal silicon. The same 
cutting conditions are applied, i.e. depth of cut 10 µm, constant surface speed 
100 m/min., and feed rate 5 mm/min. with the same diamond tool to make 
comparisons for all materials. Each material was repeatedly and continuously 
cut three times until completion of the third cut. The Optris PI160 thermal 
imaging camera was used to conduct real-time measurement of cutting 
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temperature at the cutting zone. Four areas at diamond tool, workpiece, chips 
and tool tip, are measured for titanium while only three areas namely diamond 
tool, workpiece and tool tip are measured for aluminium and silicon. This is 
because chips generated by the cutting of aluminium and silicon are too small 
to be captured because of the limited capability of the thermal imaging camera. 
The technical specifications of the thermal imaging camera can be found in 
appendix 5, the cutting experiments and micro cutting temperature results are 
further illustrated in Figure 6.3. 
 
 
Figure 6.2 Schematic of the experimental and measured setups on cutting 
aluminium AA6082-T6, single crystal silicon and titanium Ti-6Al-4V with same 
cutting conditions 
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Figure 6.3 Cutting temperature and the associated heat partitioned distribution 
in micro cutting process 
 
6.4 Experimental results and discussions  
 
Each material is repeated three times, cutting with the same cutting conditions 
(Figure 6.2). The cutting temperature is recorded from the first to the third 
cutting. The different time intervals are caused by the different diameters of 
materials. In order to get the maximums, minimums, and ranges between 
maximum and minimum values of cutting temperature for each cutting area 
particularly including diamond tool, workpiece, and tool tip, if the selected 
method for determine these value by just conducting the lowest points of cutting 
temperature subtracted from the highest points of the selected cutting area. 
This kind of method is not sufficiently reliable. Thus, in order to reduce or avoid 
the variances caused by errors in measuring and collecting data, the best fitting 
curve has been applied. The reliable and optimal ranges of cutting temperature 
on each cut can then be calculated. Cutting temperature results, including their 
maximums, minimums and ranges for micro cutting of these three materials, are 
further discussed below with observations. 
 
6.4.1 Micro cutting of aluminium AA6082-T6 
 
As shown in Figure 6.4, an increase in tool temperature level was  much quicker 
than in workpiece by a few seconds of cutting time. This is possibly caused by 
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much higher thermal conductivity of diamond tool than aluminuim. Meanwhile, 
an increase in temperature in workpiece took a longer time but it kept rising until 
specific cutting time has reached about 3 minutes so that the workpiece 
temperature reaches tool temperature level. This may be caused by the positive 
value of temperature coefficient of aluminium (0.0039 ºK-1, ºC-1) which results in 
increasing thermal conductivity when temperature of cutting process is  
increasing (Moran & Shapiro, 2006). Thus, workpiece temperature will then 
increase according to an increase in the thermal conductivity.  
 
The best fitting curves of micro cutting temperature on aluminuim (and also the 
others) are conducted using polynomial equation at polynomial order 7 (Figure 
6.5). The comparision curves and its maximum, minimum and range values 
between raw signal graphs and curve fitting graphs are listed in Table 6.4. 
 
6.4.2 Micro cutting of single crystal silicon 
 
As shown in Figure 6.7, cutting tool temperature is always higher than that of 
workpiece for the whole cutting period which is different from aluminium cutting 
behaviour. This is because the silicon has negative temperature coefficient 
(−0.075 ºK-1, ºC-1) which causes lower thermal conductivity while cutting 
temperature increases in the process (Michael J. Moran, 2006). Thus, the 
workpiece temperature slightly increased and almost reaches room temperature 
at starting point of cutting. The second observation can be presumed that more 
interrupted cuts may cause thermal effects corresponding to cutting tool wear.  
Trends of temperature partitioned distribution lines between the first cut and the 
following cuts; i.e., more numbers of cuts, higher and more numbers of spikes 
on the tool temperature curves can be observed (Figure 6.7). Also more chatter 
marks on the workpiece can be found for the whole cutting areas as shown in 
Figure 6.8. Therefore, it is supposed that the tool can be gradually dulled 
relatively few continuous cuts. 
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Figure 6.4 Micro cutting temperature against time interval of AA6082-T6; area 1: 
diamond tool, area 2: workpiece, and area 3: tool tip (first to last cuts: in the top-
down order) 
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Figure 6.5 The best fitting curves of temperature partitioned distribution of 
cutting AA6082-T6 on diamond tool (blue dash line), workpiece (red dash line), 
and tool tip (green dash line) for whole cutting time interval (ºC - min) 
   
Table 6.4 Comparison of curves and its maximums, minimums and ranges 
between raw signal and curve fitting graphs of cutting aluminium AA6082-T6 
Cutting temperature - Aluminium AA6082-T6  
 Cutting areas Raw signal curves (ºC) Polynomial fitting curves (ºC) 
Maxumum Minimum Ranges Maxumum Minimum Ranges 
1
st
 cut diamond tool 30.1 24.7 5.4 29.0 24.5 4.5 
workpiece 28.8 25.5 3.3 28.5 25.6 2.9 
tool tip 30.7 24.7 6 29.3 24.6 4.7 
2
nd
 cut diamond tool 29.6 24.2 5.4 28.7 24.5 4.2 
workpiece 28.5 25 3.5 28.2 25.0 3.2 
tool tip 30.4 24.3 6.1 29.2 24.6 4.5 
3
rd
 cut diamond tool 29.3 24 5.3 28.3 24.1 4.2 
workpiece 27.8 24.6 3.2 27.5 24.6 2.9 
tool tip 30 23.9 6.1 28.7 24.0 4.7 
 
The corresponding feed and cutting forces in respect to micro cutting 
temperature of aluminium AA6082-T6 are also illustrated as in Figure 6.6. It can 
be observed that the feed force has more influence than the cutting force. 
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Figure 6.6 The average of correlated forces of cutting AA6082-T6 with respect 
to cutting temperature 
 
It is surprising that when only three repeated cuts were taken, an increase in 
spikes distributing along cutting tool temperature curves of the following cuts 
are much higher than that of the curve of the first cut. As a result, it should be 
noted that the severe tool wear can be result of a few cuts on silicon even when 
cutting temperature is low. Therefore, it should be taken into consideration that 
a quick and unpredictable increase in heat and temperature can occur during 
continuous machining on silicon in micro cutting. Therefore, the effective and 
reliable a tool condition monitoring (TCM) system should be applied if silicon 
machining is required. 
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Figure 6.7 Micro cutting temperature against time interval of silicon wafer; area 
1: diamond tool, area 2: workpiece, area 3: tool tip (first to last cuts: in the top-
down order) 
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Figure 6.8 The chatter marks on the silicon workpiece taken after third cuts 
 
 
 
Figure 6.9 The best fitting curves of temperature partitioned distribution of 
cutting single crystal silicon on diamond tool (blue dash line), workpiece (red 
dash line), and tool tip (green dash line) for whole cutting time interval (ºC - min) 
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Table 6.5 Comparison of curves and its maximums, minimums and ranges 
between raw signal and curve fitting graphs of cutting single crystal silicon 
Cutting temperature – Single crystal Silicon  
 Cutting areas Raw signals (ºC) Polynomial fitting curves (ºC) 
Maxumum Minimum Ranges Maxumum Minimum Ranges 
1
st
 cut diamond tool 28 23.5 4.5 27.1 23.2 3.9 
workpiece 25.4 23.4 2 25.3 23.4 1.9 
tool tip 28.6 23.4 5.2 27.8 23.3 4.5 
2
nd
 cut diamond tool 30 23.7 6.3 29.2 23.0 6.2 
workpiece 26.7 23.5 3.2 26.5 23.5 3.0 
tool tip 31.1 23.6 7.5 30.1 23.0 7.1 
3
rd
 cut diamond tool 31.2 23.7 7.5 30.4 23.0 7.3 
workpiece 27.1 23.6 3.5 26.9 23.5 3.4 
tool tip 32.7 23.6 9.1 31.5 23.1 8.4 
 
The corresponding feed and cutting forces in respect to micro cutting 
temperature of single crystal silicon are also illustrated as in Figure 6.10. It can 
be observed that the feed force quite higher influence than the cutting force for 
the whole cutting period.  
 
 
Figure 6.10 The average of correlated forces of cutting silicon with respect to 
cutting temperature 
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6.4.3 Micro cutting of titanium Ti-6Al-4V 
 
 
Figure 6.11 Micro cutting temperature against time interval of titanium Ti-6Al-
4V; area 1: diamond tool, area 2: workpiece, area 3: chip, area 4: tool tip (first to 
last cuts: in the top-down order) 
 
Titanium cutting was the only one which has continuous chips of sufficient size 
to capture and measure chip temperature. Even though there were less spikes 
distributed on the tool temperature curve lines than silicon cutting, cutting 
temperature (table 6.6) was much higher especially on cutting tool and tool tip. 
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In addition, the trends were unstable (Figure 6.11) when more cuts were 
performed similar to the silicon cuts. Thus, the highest micro cutting 
temperature occur when conducted cutting titanium. Accordingly, it may easily 
destroy the cutting tool tip with thermal effects if very small machining scales 
(undeformed chip thinckness and cutting depth) agaist cutting area/volume are 
employed. 
 
 
Figure 6.12 The best fitting curves of temperature partitioned distribution of 
cutting Ti-6Al-4V on diamond tool (blue dash line), workpiece (red dash line), 
chip (brown dash line), and tool tip (green dash line) for whole cutting time 
interval (ºC - min) 
 
The corresponding feed and cutting forces in respect to micro cutting 
temperature of titanium Ti-6Al-4V are also illustrated as in Figure 6.13. Again, It 
can be observed that the feed force has a larger influence than the cutting force 
for the whole cutting period.  
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Table 6.6 Comparison of curves and its maximums, minimums and ranges 
between raw signal and curve fitting graphs of cutting titanium Ti-6Al-4V 
Cutting temperature - Titanium Ti-6Al-4V 
 Cutting areas Raw signals (ºC) Polynomial fitting curves (ºC) 
Maxumum Minimum Ranges Maxumum Minimum Ranges 
1
st
 cut diamond tool 53.5 19.1 34.4 54.2 18.6 35.6 
workpiece 34.9 19.1 15.8 33.9 18.9 14.9 
chip 41.2 19.3 21.9 38.1 19.2 18.8 
tool tip 62.8 19 43.8 62.3 18.1 44.3 
2
nd
 cut diamond tool 58.8 24.1 34.7 58.7 17.9 40.8 
workpiece 42.1 24 18.1 39.6 21.9 17.7 
chip 52.2 24.3 27.9 45.3 18.5 26.8 
tool tip 75 24.1 50.9 74.1 18.7 55.4 
3
rd
 cut diamond tool 58.7 24.2 34.5 58.6 19.3 39.3 
workpiece 42.1 24 18.1 39.4 22.3 17.0 
chip 48.8 24.4 24.4 45.1 19.4 25.7 
tool tip 75.4 24.2 51.2 74.3 21.1 53.1 
 
 
 
Figure 6.13 The average of correlated forces of cutting Ti-6Al-4V with respect to 
cutting temperature 
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6.5 Analysis on heat partitioned distribution in micro cutting 
 
Heat transfer is a critical issue when cutting temperature is considered. The 
excessive heat generated in a cutting process can deteriorate the tool or 
surface integrity, e.g., thermal effects can cause tool wear and breakage, poor 
quality of machined surfaces, and reduced machining accuracy. Thus, the tool-
workpiece-chip heat partitioned distribution is investigated in order to 
scientifically understand the heat and thermal effects on each part of the cutting 
process composition, i.e., tool, workpiece and chip. The severe effects on each 
of components of micro cutting can then be avoided or minimised. Therefore, 
the heat transfer by conduction i.e., the transferring heat energy by microscopic 
diffusion and collisions of particles between solid bodies in contact due to a 
temperature gradient (Michael J. Moran, 2006) is selected. This conductive heat 
transfer is applied for analysing and determining heat partitioned distribution on 
elements of micro cutting namely tool, workpiece, and chip respectively. It can 
be expressed based on Fourier's Law as the following equation:  
 
     [
     
 
]                                                                                               (6.6) 
 
Where q is the rate of heat transfer in considering direction (W, J/s), A is heat 
transfer area (m2), k is thermal conductivity of the material (W/m.K or W/m oC), 
dT (or T2-T1) is temperature difference across the material (K or 
oC), s is 
material thickness (m) respectively. The minus sign is a consequence of energy 
transfer in the direction of decreasing temperature. 
 
If                                         stand for conductive heat 
transfer, thermal conductivity (Zong, et al., 2006; Maycock, 1967; Ezugwu, et 
al., 2005; Fratini & Buffa, 2005), and differences or ranges of temperature 
across material, i.e., the deferent temperature between maximum and minimum 
values at the considerd area, in diamond tool (the generated heat on the whole 
area of diamond), workpiece, chip, and tool tip (the generated heat at the tool 
tip only), respectively, the heat partitioned distribution at the diamond tool-
workpiece-chip interface can be presented as the heat transfer across cutting 
process for instant time as following equation: 
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The assumption of cutting area (A) and thickness (s) of the cutting zone are all 
equal due to single point diamond turning (SPDT) process. Thus, all A and s in 
above equation can be subtracted, therefore the equation will then be: 
 
                                                              (6.8) 
 
6.5.1 Aluminium AA6082-T6 
 
From Table 6.4, the avearage of cutting temperature on diamond tool, 
workpiece and tool tip is determined  and presented in Table 6.7. 
 
Table 6.7 Ranges of polynomial curves fitting of micro cutting temperature for 
aluminium 
 
Aluminium AA6082-T6 cutting temperature 
Cutting areas ranges of cutting 
temperature (ºC) 
Average 
1st cut 2nd cut 3rd cut 
diamond tool 4.5 4.2 4.2 4.3 
workpiece 2.9 3.2 2.9 3 
tool tip 4.7 4.5 4.7 4.6 
 
Thus, conductive heat transfer for aluminium cutting can be calculated as: 
 
                             = 1000 x (4.3) : 180 x (3) : 1000 x (4.6) = 
4,300 : 540 : 4,600         
        = 8 : 1 : 8.5 
 
It can be summarised that conductive heat transfer has occurred in the diamond 
tool and tool tip against aluminium workpiece about 8 and 8.5 times, 
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respecively. The micro cutting temperature on the whole cutting areas is similar 
to that of each other for all cuts. Therefore, it should be noted that the 
continuing cuts on aluminium are more stable and predictable than others. The 
thermal effects would not affect the cutting process of aluminium machining. 
 
6.5.2 Single crystal silicon  
 
From Table 6.5, the average cutting temperature on diamond tool, workpiece 
and tool tip is determined and presented in Table 6.8.   
 
Table 6.8 Ranges of polynomial curves fitting of micro cutting temperature for 
silicon cutting 
 
Silicon wafer cutting temperature 
Cutting areas ranges of cutting 
temperature (ºC) 
Average 
1st cut 2nd cut 3rd cut 
diamond tool 3.9 6.2 7.3 5.8 
workpiece 1.9 3 3.4 2.8 
tool tip 4.5 7.1 8.4 6.7 
 
Thus, conductive heat transfer for silicon cutting: 
                             = 1000 x (5.8) : 150 x (2.8) : 1000 x (6.7)  
          = 5,800 : 420 : 6,700 
             = 13.8 : 1 : 16 
 
As a result, it can be summarised that conductive heat transfer have occurred in 
diamond tool and tool tip against silicon workpiece about 14 and 16 times, 
respectively. It must be noted that this partition is approximated for this case 
study due to a difference in trends of distributed temperature between first cut 
and following cuts. On the other hand, micro cutting temperature on silicon 
tends to nonlinearly increase on tool, workpiece, and tool tip from the first to 
following cuts continuously. Therefore, the heat generated on the tool/tool tip 
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tends to increase nonlinearly for any following cuts. Subsequently, the average 
range of cutting temperature of silicon cutting and consequent cutting heat 
partioned distribution may change in differences of experimental setup and case 
study. 
 
6.5.3 Titanium Ti-6Al-4V 
 
From Table 6.6, the average cutting temperature on diamond tool, workpiece, 
chip and tool tip is evaluated and presented in Table 6.9.  
 
Table 6.9 Ranges of polynomial curves fitting of micro cutting temperature for 
titanium Ti-6Al-4V 
 
Titanium Ti-6Al-4V cutting temperature 
Cutting areas ranges of cutting 
temperature (ºC) 
Average 
1st cut 2nd cut 3rd cut 
diamond tool 35.6 40.8 39.3 38.6 
workpiece 14.9 17.7 17 16.5 
chip 18.8 26.8 25.7 23.8 
tool tip 44.3 55.4 53.1 50.9 
 
Thus, conductive heat transfer for titanium cutting can be calculated as: 
 
                             = 1000 x (38.6) : 6.7 x (16.5) : 6.7 x (23.8) 
: 1000 x (50.9) = 38,600 : 110.55 : 159.46 : 50,900 
 
= 349.2 : 1 : 1.4 : 460.4 
 
The excessively generated heat can occurr for titanium cutting at diamond tool 
and tool tip against titanium workpiece about 350 and 460 times, respectively. 
However, it has occurred at chip just about 1.4 times of titanium workpiece. In 
addition, the sparking fire which occurred during cutting titanium by the used 
126 
 
tool was observed. Therefore, cutting titanium should not be recommended for 
diamond machining.  
 
6.6 Simulation and experimental validation 
 
In order to compare the simulation to experimental results, the tool tip element, 
the nearest element to tool tip on workpice and chip are selected (Figure 6.14) 
to illustrate the cutting temperature on tool tip, workpiece, and chip, 
respectively. The predefined temperature of tool and workpiece are equal to 
298 K (25 ºC) which are similar to the experimental value, and simulation time 
interval 3 x 10-5 seconds. Thus, the comparison of results between experiments 
and FE-based simulation are implemented in table 6.10 
 
 
Figure 6.14 The selected elements of diamond tool, workpiece, chip, and tool tip 
on FE-based simulation of micro cutting temperature  
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Figure 6.15 The graphical trends of micro cutting temperature in micro cutting 
compositions within 3 x 10-5 s simulation time interval: tool tip’s element (blue 
line), diamond tool’s element (brown line), workpiece’s element (pink line), and 
chip’s element (green line), respectively (first to last cuts: in the top-down order) 
 
As shown in table 6.10, it can be clearly observed that the cutting temperature 
on diamond tool, tool tip and workpiece is very promising in agreement with the 
experimental ones. Chip temperature cannot be directly measured via real 
experiments caused by chip, which is too small to capture and measure 
129 
 
temperature data due to limitation of thermal imaging camera. However, the 
chip temperature taking place in the experimental cutting can be assumed that it 
would be similar to the simulation results. Since both simulation and 
experimental results are in agreement with each other, the increasing chip 
temperature can then be predicted as about 8.0 ºC. 
 
Table 6.10 The comparison and validation of micro cutting temperature between 
simulation and experimental results 
Cutting temperature - Aluminium AA6082-T6  
 Cutting areas Experimental results (ºC) Simulation results (ºC) 
Maxumum Minimum Ranges Maxumum Minimum Ranges 
1
st
 cut diamond tool 30.1 24.7 5.4 30.8 
(303.826 K) 
25 
(298 K) 
5.8 
 workpiece 28.8 25.5 3.3 29.5 
(302.522 K) 
25 
(298 K) 
4.5 
 tool tip 30.7 24.7 6 31.7 
(304.661 K) 
25 
(298 K) 
6.7 
 chip N/A N/A N/A 33.0 
(305.986 K) 
25 
(298 K) 
8.0 
2
nd
 cut diamond tool 29.6 24.2 5.4    
workpiece 28.5 25 3.5    
tool tip 30.4 24.3 6.1    
3
rd
 cut diamond tool 29.3 24 5.3    
workpiece 27.8 24.6 3.2    
tool tip 30 23.9 6.1    
 
 
The above results are simulated based on the Johnson-cook constitutive 
materials modeling and damage parameters which are suitable for materials 
deformed in the ductile regime as the so-called plasticity deformation. Thus, the 
brittle material such single crystal silicon cannot be employed in this kind of 
model. The silicon, therefore, needs the different specifications of material 
model, chip separation criterion, and accordingly cutting temperature model. 
The study of FE-based model and simulation of micro cutting silicon remains 
challenging and needs further investigations. 
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6.7 Conclusions 
 
In this chapter, the micro cutting temperature is investigated by the cutting of 
three materials including aluminium AA6082-T6, single crystal silicon and 
titanium Ti-6al-4V. The analysis on conductive heat transfer in micro cutting is 
conducted to verify the cutting heat partitioned distribution in SPDT processes 
particularly including diamond tool, workpiece, and chip. It can be indicated that 
generated heat at diamond tool/tool tip about 8/8.5 times against workpiece for 
aluminium cutting, 14/16 times for silicon cutting, and 350/460 times for titanium 
cutting, respectively. It should be noted that silicon is one of the materials, 
which can possibly be machined by diamond machining like aluminium or other 
soft materials. Since proportion of cutting heat transferring into diamond 
tool/tool tip is not too high and almost the same as that in machining aluminium, 
it should be taken into consideration that a rapid and unpredictable increase in 
heat and temperature can occur during continuous machining on silicon. 
Meanwhile, machining titanium with diamond tool should be avoided because 
high heat generated onto tool tip can cause thermal effects, leading to severe 
tool wear if specific cutting areas or volumes are very small. 
 
Comparisons of results from the FE-based simulation on cutting heat and 
temperature in micro cutting are also in agreement with the experimental study 
as previously mentioned. Thus, the increase in chip temperature can be 
approximately assumed by 8.0 ºC for aluminium cutting. 
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Chapter 7 A case study on micro cutting of single 
crystal silicon based devices 
 
 
 
7.1 Introduction  
 
The single-crystal silicon is an interesting material due to it is popularly and 
wide use in the microelectronics industry in the manufacturing of integrated 
circuits, infrared optics, micro electro-mechanical systems (MEMS), opto-
electronic, etc. (Yan, et al., 2001; Leung, et al., 1998). Since, the single-crystal 
silicon has been popular and has various uses, the technological methodology 
of machining silicon becomes essential to concern due to it being hard, brittle 
and difficult to cut. Although the excellent conditions of ultra-precision machine 
tools, associated with the sharp cutting edge of diamond tool are needed for 
substantial quality of machined surface, these are always limited by cost effects 
especially for small businesses and research laboratories. Thus, it requires 
proper methods or procedures for improving machine performances, and 
consequent quality of micro products and components. 
This chapter, the application of micro cutting on single-crystal silicon is carried 
out in order to get better understandings of characteristics of cutting hard and 
brittle material such single-crystal silicon. Thus, the improvements of cutting 
performance, machined surface quality, tool life rate as well as productivity 
could be achieved.    
 
7.2 Inherent properties and characteristics of single crystal silicon    
 
Single-crystal silicon is a brittle material, which means its fracture strength is 
lower than its yield strength. When silicon is deformed at room temperature by 
tension or bending, it fractures before any permanent measurable plastic 
deformation occurs. This causes the difficulty of moving dislocations in silicon at 
room temperature (Leung, et al., 1998). This makes silicon difficult to be cut at 
low temperature which always occurs in micro machining. Thus, the diamond 
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tool wears out rapidly and consequently the machined surface quality whilst 
cutting silicon can be poor. Accordingly, this becomes challenging in order to 
obtain the high quality of machined surface such as a mirror surface finish by 
diamond turning without subsequent polishing process. Some main properties 
of single-crystal silicon are listed in Table. 7.1.  
 
Generally, machining of brittle materials such silicon with conventional 
machining may not be employed, this caused by the materials crack on the 
surface and subsurface due to marks left by the motion of the tool. However, it 
has been discovered that the surface and subsurface damage can be reduced 
as the undeformed chip thickness is decreased (Venkatachalam, et al., 2009; 
Blackley & Scattergood, 1991; Bifano, et al., 1991). It has also been observed 
that there exists a critical value of undeformed chip thickness which no 
subsurface damage is observed. This critical value is known as the transition 
undeformed chip thickness. And the process of machining brittle materials in 
such a fashion is called ductile-regime machining which is categorised as the 
precision or ultra-precision machining. In other words, the brittle material cracks 
and forms discontinuous chips are occurred when undeformed chip thickness is 
large, but continuous chips are formed leaving a crack-free surface on the 
material when the undeformed chip thickness is below the threshold value 
(Patten, et al., 2005). Hence ultra-precision machining process is needed for 
ductile-regime machining. Otherwise, the high performance of controlling scales 
of machining (undeformed chip thickness) on the order of a few microns or 
below and extremely rigid of machine tool are required. 
 
Furthermore, the tool wear caused by cutting brittle materials is another critical 
issue especially in respect to the high cutting temperature of micro cutting 
silicon. Yan et al (Yan, et al., 2003) reported that the high cutting temperature 
may occur at the flank land due to rubbing force between the tool and the 
workpiece when the cutting edge recedes and the flank wear land becomes 
predominant. Consequently, the wear rate increases abruptly when the 
temperature at the trailing edge of the flank wear land reaches the thermal 
deterioration point of diamond (Ikawa & Shimada, 1985).  
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Table 7.1 The main properties of silicon (Leung, et al., 1998). 
Crystal structure  Diamond cubic 
Primary slip system  {111} .110• 
Number of slip systems  6 
Number of independent slip systems  2 
Young’s modulus E (GPa)  168 
Vickers’s hardness Hv (Gpa)  10.0 
Poisson’s ratio υ  0.27 
Density   (g cm-3)  2.34 
Toughness Kc (MN m
-3/2)  0.6 
 
In regard to modelling and simulation, fundamental studies of the damage 
associated with microhardness indentations and scratches in silicon have been 
used to simulate the possible mechanisms of surface deformation and material 
removal which result from cutting, polishing, and dicing of single-crystal silicon 
boules and wafers (Zhao & Bhushan, 1998). However, this may not be the best 
solution to simulate silicon diamond turning by using relevant constitutive 
models and material parameters based on indentation and scratch studies. 
Thus, the proper material constitutive model of single-crystal silicon, damage 
initiation criterion, contact properties, initial cutting conditions, etc., for diamond 
turning of silicon are critically required. However, it is currently limited due to the 
constitutive material modelling and relevant parameters of brittle materials such 
single-crystal silicon are still challenging.  
 
7.3 Micro cutting of single crystal silicon based devices and its limitations  
 
Since silicon is normally a hard and brittle material, machined surface finished 
by lapping and chemo-mechanical polishing (CMP) can be achieved. Moreover, 
some attempts have been carried out and currently achieved in ultra-precision 
machining of silicon. This approach can machine brittle materials such silicon in 
a ductile mode without the need for subsequent polishing (Yan, et al., 2003). 
Thus, the plastic deformation of silicon, yielding ductile chips and smooth 
surfaces are achieved by diamond machining (Nakasuji, et al., 1990; Blake, et 
al., 1990; Shibata, et al., 1996; Leung, et al., 1998; Yan, et al., 2001). However, 
this requires the use of an extremely rigid, environmentally controlled ultra-
precision machine tool associated with a sharp cutting edge of single-crystal 
diamond cutting tool with a negative rake angle (Fang & Zhang, 2003). In 
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addition, the scale of machining (undeformed chip thickness) must be controlled 
to be extremely small which mimic conditions for ductile mode cutting. This 
cutting regime scales down to the range of sub-micron to a few tens of 
nanometres level. Otherwise, ultra-precision machining can cause a crack-
damaged layer when cutting brittle material if the depth of cut is too large (Fang 
& Zhang, 2003).  
 
In practical, the good quality of machined surface of silicon machining by 
diamond turning without subsequent polishing requires ductile regime 
machining (Shibata, et al., 1996; Fang & Zhang, 2003). However, this is often 
limited by many reasons, for instances, rapid wear of diamond tools, machining 
scales are too large, unstable machine tool, etc. Moreover, the contribution to 
knowledge of micro cutting heat and temperature on single-crystal silicon can 
be drawn from chapter 6 indicate that the rapid and unpredictable increase of 
cutting temperature can occurred when cutting silicon. Consequently, the 
thermal effect may directly influences the quality of machined surface and tool 
wear since cutting heat and temperature is significantly influenced by micro 
cutting. This is according to a previous report (Yan, et al., 2003) that diamond 
tool can be used to cut nonferrous metals such as aluminium and copper for a 
distance up to a few hundreds of kilometres, but an initially sharp tool will 
become worn out rapidly when cutting silicon. 
 
Thus, the integration of smart methods or models is needed for improving these 
main barriers preventing the ductile regime machining and consequent better 
surface finish.  
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Figure 7.1 Poor quality of the machined surface from diamond cutting silicon 
wafer caused by rapidly worn tool, cutting heat and thermal effect 
 
7.4 Modelling approach for micro cutting of the devices  
 
As seen from Figure 7.1, poor surface finish could occur if several 
aforementioned effects cannot be solved properly. In addition, in order to 
support the requirements of fabrications of the miniature and micro product, the 
substantial improvements on cutting performances are urgently needed 
including quality of machined surface, protection of tool wear, and productivity, 
respectively. Thus, the proper methods or models are critical needed to 
eliminate these effects as much as possible. The modelling approach, the so-
called the modelling of micro cutting application (MMCA) is then proposed and 
employed in micro cutting of single-crystal silicon. 
 
Due to the study on the individual components of micro cutting mechanics and 
physics, benefits are gained for improving micro cutting performances, the 
MMCA is based on combination of advantages and benefits of individual 
components. In other words, the benefits of study on individual components, 
i.e., dynamic stiffness, micro cutting force modelling, and micro cutting 
heat/temperature are integrated together to establish the modelling approach 
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(MMCA) of crystal silicon cutting as to the application case study. The 
description of MMCA and its sub-modelling are illustrated in Figure 7.2. 
 
 
Figure 7.2 The modelling of micro cutting application (MMCA) applied to the 
cutting performance improvement 
 
The MMCA is a model approach to integrate the benefits of research studies in 
three main components of micro cutting mechanics and physics as previously 
presented. The model approach initially depends on parameters including the 
tooling geometries and process variables, throughout the proper cutting 
conditions. These parameters are added to the model; consequently 
constitutive material modelling parameters are then identified. The cutting 
results include cutting force, cutting temperature, machined surface etc., are 
generally obtained after the cutting process. Additionally, the three main 
components of research studies are further integrated to the model in order to 
improve the micro cutting performances. Consequently, the improvements of 
cutting results will be achieved as illustrated in Figure 7.2. Thus, three key 
benefits of cutting performances include quality of machined surface, 
prolongation of tool life, and improvement of productivity can be improved with 
the MMCA. In addition, each component of study results in the differently 
machining improvements which separately explain as following these three sub-
topics.  
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7.4.1 Dynamic stiffness  
 
Based on Chapter 4, the dimensioned errors of micro machining and burrs 
formation can possibly be reduced by optimised and controlled dynamic 
stiffness. It can then be summarised that the two main benefits to study in 
dynamic stiffness are based on decreased burrs formation, and increase 
machining accuracies, respectively.  
 
Consequently, it can be employed in application of single-crystal silicon cutting 
as proposed. Thus, the dynamic stiffness in the modelling of micro cutting 
application (MMCA) can help in decreasing burrs formation and increasing 
machining accuracy. Accordingly, the quality of machined surface would then 
be improved corresponding to the reducing of burrs formation. Moreover, the 
increasing of machining accuracy causes of the improvements of productivity. 
Thus, the machined surface modelling based on dynamic stiffness control and 
optimisation is possibly further developed.  
 
 
Figure 7.3 Sub-modelling illustrates the benefits of dynamic stiffness study 
 
Further analysis, due to the dynamic movements of cutting tool are always 
controlled by hysteresis compensated module during the cutting process, 
consequent and scaling of machining (undeformed chip thickness) as extremely 
small and constant. This possibly causes the condition for ductile regime 
machining during cutting process of silicon. Thus, the better surface finish can 
be achieved. This may also claim that the use of dynamic stiffness control may 
have improved the ductile mode cutting on brittle material such silicon.  
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7.4.2 Cutting force modelling 
 
In Chapter 5, the model approach of micro cutting force can be established by 
dividing the two aspects namely amplitude and spatial aspects. The benefits of 
the amplitude aspect is based on the better understandings and interpretations 
of micro cutting mechanics and physics while the real-time tool wear detection 
can be achieved by spatial aspect. Both benefits can be further integrated to the 
MMCA in order for improving micro cutting of crystal silicon. 
 
The real-time tool wear detection based on spatial aspect can be further 
developed as a tool wear modelling method. Accordingly, this tool wear 
modelling can be further integrated as the detecting tool in the MMCA. This tool 
modelling associated with the understandings of micro cutting mechanisms 
based on micro cutting force modelling (amplitude aspect) could be contributed 
to protection of the cutting tool deteriorations and breakages in diamond cutting 
of single-crystal silicon. Thus, prevention of tool wear and consequent 
prolongation of tool life can be achieved. 
 
Also, the better understandings of characteristics of micro cutting are essential 
for the improvement of productivity. Thus, the two possible improvements when 
added benefits of micro cutting force modelling to the MMCA that prolongation 
of tool life and productivity improvement can be attained (Figure 7.4). 
 
 
Figure 7.4 Sub-modelling illustrates the benefits of micro cutting force modelling 
study 
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7.4.3 Cutting heat and temperature  
 
The contribution to knowledge of micro cutting heat and temperature can be 
drawn from chapter 6. The contribution of partitioned distribution of cutting heat 
and temperature in micro cutting particularly included diamond tool, workpiece 
and chip, respectively, are investigated and analysed. Based on this 
proportional analysis, the contribution to knowledge that the diamond tool/tool 
tip is the highest proportion of cutting heat can be acknowledged. Thus, 
avoidance of cutting heat at tool tip and correspondingly avoiding the thermal 
effects on cutting tool wear.   
 
 
Figure 7.5 Sub-modelling illustrates the benefits of micro cutting heat and 
temperature study 
 
The further development of thermal effect modelling can be carried out based 
on this partitioned distribution analysis. Accordingly, the scientific understanding 
of the remarkably undesirable marks left on machined surface due to thermal 
effect and consequent tool wear when cutting silicon could be obtained. Thus, 
the undesirable marks would be eliminated when employing this modelling to 
the MMCA. Consequently, the tool wear rates and machined surface quality can 
be improved.    
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Figure 7.6 The better qualities of surface finish can be achieved when MMCA is 
employed, A: aluminium alloy (left), B: single-crystal silicon (right) 
 
7.5 Conclusions  
 
The MMCA is the modelling approach for application of silicon cutting with 
combining all benefits from three main studies on components of micro cutting 
mechanics and physics as previously investigated in the beginning chapters. 
This modelling helps in improvement of three main cutting performances 
especially included quality of machined surface finish, prolongation of tool life, 
and improvement of productivity, respectively. Figure 7.6 illustrates the better 
surface finish which can be improved by employed the MMCA.  
 
The control of dynamic stiffness not only helps in increasing the machining 
accuracy and decreasing the burrs formation, but also it may help in improving 
the quality of machined surface and productivity improvement. Furthermore, the 
dynamic stiffness in correlation with the hysteresis compensated module may 
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possibly help to reach the ductile mode cutting if dynamic movements of cutting 
tool and consequent very small cutting scales are well-controlled.   
 
The better understandings of micro cutting mechanisms based on micro cutting 
force modelling associated with the tool wear modelling can draw two main 
benefits to the MMCA of cutting silicon. The first benefit helps in protecting the 
tool from wear and prolonging the tool life. The second is improving the 
productivity of micro machining process. 
 
The scientific understanding of cutting heat and temperature in micro cutting not 
only obtain contribution to knowledge of the heat partitioned distribution in micro 
cutting, but also the thermal effect modelling can be further developed which 
helps in improving machined surface quality. Also, both contributions namely 
partitioned distribution analysis and thermal effect modelling can finally improve 
the tool life.  
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Chapter 8 Conclusions and recommendations for future 
work 
 
 
 
8.1 Conclusions  
 
In order to accomplish the aim and objectives of the research approach, the 
experimental and simulation results are implemented, analysed, compared, and 
discussed in previous chapters. The distinctive conclusions can be summarised 
in this chapter 
 
(1) The dynamic stiffness is identified and explored along with its effects in 
micro cutting of ultraprecision machining. Thus, the dynamic stiffness is 
defined and formulated. The micro slots accuracy and burrs formation can 
be influenced by dynamic stiffness.   
(2) The micro slots accuracy and burrs formation can be minimised and reduced 
by implementing control of the characteristics of cutting tool movements, and 
consequent control and optimisation of dynamic stiffness. Thus, the 
minimisation and reduction of burrs formation and dimensional errors of 
micro slots are substantiated through sets of the experimental cutting 
associated with control of the dynamics stiffness by using the hysteresis 
compensation module.   
(3) An innovative cutting force modelling approach is proposed for ultraprecision 
and micro cutting based on the specific cutting force at the unit cutting length 
and area as the so-called amplitude aspect, and the cutting forces are 
analysed against the dynamically varied cutting time interval as the so-called 
spatial aspect. 
(4) Amplitude aspect can provide the insight into the micro cutting phenomena 
particularly in relation with the chip formation and size-effects. Spatial aspect 
using wavelet transform (WT) technique and standard deviation analysis can 
render their dynamic components to particularly represent dynamic effects of 
the cutting process and their correlation with tool wear. 
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(5) The scientific understanding of cutting temperature and heat partitioned 
distribution in micro cutting are analysed based on experimental 
investigation on cutting of titanium (Ti-6al-4V), aluminum (AA6082-T6) and 
single crystal silicon. The further supported by FE-based modelling and 
simulation on cutting temperature are conducted.  
(6) The analyses on conductive heat transfer to examine the heat partitioned 
distribution in micro cutting particularly including diamond tool, workpiece, 
and chip are implemented based on single point diamond turning (SPDT).  
 
8.2 Contributions to knowledge 
 
(1) Dynamic stiffness is examined and formulated, which is verified particularly 
its dynamic effect on the micro cutting process. The 2 main effects particular 
include the micro slots accuracy and burrs formation can be minimised by 
control, optimise, and minimise the dynamic stiffness. 
(2) An innovative cutting force modelling approach is proposed by employing 
the specific cutting force and corresponding quantitative analysis on the 
dynamic cutting process in diamond turning at the 0.1-1 N cutting force scale 
in particular (Lee & Cheung, 2003), so as to accurately represent the 
dynamic cutting behaviour including both amplitude and spatial aspects 
simultaneously. 
(3) The size effect interpretation based on amplitude aspect by FB-based 
simulation conducted with chamfer lengths varies against rake angles of 
diamond cutting tool are agreed well with previous literature reviews and the 
experimental case studies. 
(4) The monitoring and understanding the spatial aspect of the modelling 
formulation has possibility to measure and monitor the tool wear in process, 
which provide the industrial-feasible means to be used in ultraprecision and 
micro machining at an industrial scale. 
(5) Feed forces are more influencing to the micro cutting process, for instance 
cutting temperature and tool wear direction, etc., rather than cutting forces in 
micro cutting. 
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(6) Scientific understanding of micro cutting heat, temperature and consequent 
proportions of cutting heat at the tool-workpiece-chip interface of aluminium 
AA6082-T6, single crystal silicon and titanium Ti-6al-4V, respectively.  
(7) The highest cutting heat and temperature is occurred on tool tip, followed by 
the diamond tool, chip (for titanium cutting only) and workpiece, respectively 
for all materials which differs from that of conventional cutting.   
(8) Such low cutting temperature when cutting of silicon cannot ensure that tool 
would not be dulled quickly like in aluminium cutting due to rapid and 
unpredictable increase in heat and temperature occurring during continuous 
machining on silicon.   
 
8.3 Recommendations for future work 
 
This research, the micro cutting mechanics and physics have been investigated 
in three previously unexplored areas including: dynamic stiffness, micro cutting 
force modelling, and micro cutting heat and temperature, respectively. However, 
due to the limitations of time and available facilities, more thorough 
investigations are not yet implemented. Thus, the suggestions for future work 
are recommended as the following areas: 
 
(1) The material constitutive model for brittle materials such single crystal silicon 
remains challenging and requires an accurate model supported with 
experimental validations.  
(2) The FE-based modelling & simulation on dynamic stiffness to simulate its 
effects in micro cutting is needed in validation and comparison to the 
experimental results.  
(3) The experiment-based investigations on dynamic stiffness and its effects on 
brittle material such single crystal silicon is required.   
(4) More specific issues of micro cutting mechanics and physics, for instance 
surface generation, ductile mode cutting, undeformed chip thickness, etc., 
interpretations using the novel cutting force modelling should be 
implemented for brittle materials in particular.  
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(5) An application of a smart cutting tool embedded with the model approach of 
cutting force algorithms can be further investigated in relevant to cutting tool 
wear detection in real time micro machining with smart cutting tool system. 
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Appendix 2: 
Summary of Facilities in the Research 
 
Diamond turning machine test 
rig  
1. 3D diamond turning machine 
2. Fast tool servo  
Diamond cutting tools 1. Diamond cutting tool with the edge radius 
82 nm and nose radius 0.30 mm  
Work materials  1. Aluminium alloy AA6082-T6 
2. Titanium alloy Ti-6al-4V 
3. Single crystal silicon 
Instrument and metrology 1. Kistler Dynamometer MiniDyn 9256C2 with 
a charge amplifier 5070A 
2. White light interferometer Zygo NewView 
5000 
3. Optris PI160 thermal imager with 120 Hz 
frame rate 
4. Microscope Axio Scope.A1 
5. Optical microscope TESA VISIO-200 
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Appendix 3: 
Technical Specifications of Zygo NewView 5000 
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Appendix 4: 
Technical Specifications of Kistler Dynamometer 
MiniDyn 9256C2 and its Calibration Certificate 
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Appendix 5: 
Technical Specifications of the Optris PI160 Thermal 
Imager 
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Appendix 6: 
Technical Specifications of Microscope Axio Scope.A1 
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Appendix 7: 
Part of LabView Programming 
(1) Cutting force data acquisition associated with wavelet transform analysis 
and its standard deviation  
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(1.a) Radial force analysis: the special aspect analysis using wavelet transform 
technique associated with standard deviation  
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(2) Cutting force modelling: amplitude and spatial aspects 
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(2.a) Specific cutting force calculation and analysis: amplitude aspect analysis  
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(2.b) Detail coefficients and reconstructed signals analysis: spatial aspect 
associated with wavelet transforms analysis  
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